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ABSTRACT

An apparatus was designed and fabricated for testing of a
horizontal bundle of five tubes in a vertical row with R-114 as the
working fluid.

Twenty-four tubes with rectangular-section fins and a
smooth tube were tested in a single-tube apparatus using R-113 as
the working fluid. An enhancement ratio (based on constant
vapor-side temperature drop) of about 7.0 was obtained for the
best-performing tube.

Among the tubes tested, the optimum fin spacing was found to
be between 0.25 mm to 0.5 mm. The optimum fin thickness for
tubes with a 1.0 mm fin height was found to be 0.5 mm. The
vapor-side enhancement ratio increased with increasing fin height.
However, the rate of increase in the vapor-side enhancement was
found to be smaller with increasing fin height compared to the rate
of area increase.

The Indirect measurement of the local condensing
heat-transfer coefficient around a finned tube showed a local value
at the top of each of the two tubes tested that is approximately
twice the average value for the entire tube.
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NOMENCLATURE

Aet Effective outside area of finned tube (eqn. 2.10) (m?)

" A¢ Actual area of finned tube (m?)

:-: af Coefficient used in eqn. 5.5

; Ao Smooth tube outside area (= «t Dg L) (m?)

:, Ap Profile area of fin (m?)

; Ar Surface area of tube at base of fins (m?)

E: as Coefricieht used in eqn. 5.6

» At Area of smooth tube (same as A,) (m?2)

; Cb Fraction of tube surface flooded

1 . G Sieder-Tate-type coefficient used in eqn. 4.6

. -~ cp Specific heat of cooling water (J/kg:-K)

2 . Deq Equivalent diameter of finned tube (eqn. 2.8) (m)
"? Dt Diameter of tﬁbe at tip of fins (m?2)

é Dy Inside diameter of test tube (m)

! Do Root diameter of fin tubes or outside diameter of smooth
4 tube (m)

: e Fin height (mm or m)

| g Acceleration due to gravity (m/s?)

' h Condensing heat-transfer coefficlent (W/m2-K)

~ hp Condensing coefficient of flooded region based on Ar
: (W/m2.K)

; | 11
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o hs Condensing coefficient of fin based on Af (W/m2-K)

'%%i heg Specific enthalpy of vaporization of R-113 (J/xg)

k hyp Condensing coefficient for plain tube based on Ao, (W/m2-K)
«f hy Inside heat-transfer coefficient (W/ma2-K)

§. heo Outside condensing heat-transfer coefficient based on A,
(W/m2-K) |

kb Thermal conductivity of cooling water at Tp (W/m-K)

::gﬁ | & Thermal conductivity of R-113 at T (W/m-K)

Kkm . Thermal conductivity of tube metal (W/m-K)

%‘;‘:‘ L Length of condenser test tube (m)

’:’Ei:' Ly 'Length of tube portion (not exposed to vapor) inside nylon
w bushing at the inlet (m)

‘ ';f«;\ L Length of tube portion (not exposed to vapor) inside nylon
h_ bushing at the outlet (m)

548 LMTD Log-mean-~temperature difference (eqn. 4.5)

;

Z&:ﬁ | ™ Mass flow rate of cboling water (kg/s)

"}." ' P Wetted perimeter (m)

B P¢ Fin pitch (m)

:§§:§ Pr Prandtl Number of cooling water

z;’:;;"' - Q Heat-transter raté (W)

j:;'. q Heat flux (W/m?2)

"_' R qat Heat flux of finned tube based on Ao (W/m2)

E;%; ds Heat flux of smooth tube based on A, (W/m?)
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Cooling water-side Reynolds Number
Reynclds Number of condensate film
Radius of tube to tip of fin (m)

Tube-wall thermal resistance (eqn. 4.2)
Fin spacing (mm or m)

Length of convex surface over 0<6<€m (rﬂ)
Fin spacing at tip of fin (m)

Fin thickness (mm or m)

Bulk mean temperature of cooling water (K)
Fin thickness at base (m)

Cooling water inlet temperature (K)

Cooling water outlet temperature (K)

Film temperature of liquid R-113 (=1§“+?§Tm) (K)

Saturation temperature of the R-113 at system pressure
Outside average wall temperature (K)

Overall heat-transfer coefficient based on smooth tube
outside area (m?-K/W)

Dynamic viscosity of cooling water at Tp (N-s/m2)

Dynamic viscosity of liquid R-113 at T¢ (N-s/m?)

Dynamjc viscosity of cooling water at inside wall
temperature (N-s/m?) ‘

Fin tip half angle
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[ Condensate retention angle; i.e., angle measured from the
bottom of the tube to the position at which the condensate
first fills the interfin space

¢ Insulated half angle

B AT Average temperature drop across the condensate film
"%; (= Tsat - Two) (K)

RN ATcw Temperature rise of cooling - water across test tube

(= Teo - Tet) (K)
,:':j' €q Enhancement ratio based on constant q (eqn. 5.8)
e €AT Enhancement ratio based on constant AT (eqn. 5.12)
Density of condensate at T¢ (kg/m3)
Insulated angle

g ° %

Rotation angle of normal to fin surface
;%iii‘i of Surface tension of condensate (N/m)
Nusselt-type coefficient used in eqn. 4.8
Parameter in eqn, 2.14 |
Surface efficiency

Fin efficiency of the portion of the tube Li

Fin efficiency of the portion of the tube L;

] g & 2 2

Fin efficiency
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B

é I. INTRODUCTION

R

; A. BACKGROUND

?: The U.S. Navy has a continued interest In reducing the size
K2 and weight of various components on board its vessels. The Navy is
}r‘:;: carrying out research in many different areas to achieve this goal.
::.:: For example, the David Taylor Naval Ship Research and Development
bt Center, in collaboration with the Naval Postgraduate School (NPS),
;:;' has been engaged in a research program that will contribute to
E‘ n achieving the Navy's goal by reducing the size and weight of
':-::3' refrigeration systems on board naval vessels. This thesis effort
_ concentrates on one component of these air-conditioning systems:
:5 the condenser.

o Condenser designers must deal with a large number of design
:§£§ variables, such as the tube diameter, tube pitch, number of tubes,
E::’,: tube length, cooling water velocity, external fin density, internal
.--::. enhancement, tube material, etc.. While all of these parameters
E. must be considered in arriving at the optimum design (i.e.,
:,E minimum size and weight), the tube material seems to be the one
single parameter that has the largest influence. For example, ff
3: copper-nickel tubes are replaced with titanfum tubes, a slsnlﬁcaht
saving in weight can be realized. The advantages offered by
a4 titanfum over copper-nickel are: (1) it has a higher
E strength-to-weight ratfo, thus requiring a smaller wall thickness,
4
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. and (2) it is less susceptible to erosion and corrosion, thus enabling
= the use of higher water velocities through the tubes. Notice that
these features lead to smaller and lighter condenser designs. On the
other hand, titanium has three disadvantages: (1) it has a thermal

éigg conductivity that {s three times lower than that of copper-nickel,
& (2) titanium is relatively more costly than copper-nickel, and (3)
..;;-; titanium is more susceptible to bio-fouling than Cu-Ni.

': While industry mainly uses R-11 and R-22 as the working
B fluids for large refrigeration systems, the Navy has been using R-114
:;;;':’; as the working fluid for air-conditioning systems, requiring a cooling
"é?g capacity of 100 tons or more on board its vessels. The Navy's
decision to use R-114 over other refrigerants has been based on the
: following major advantages offered by this refrigerant: (1) it is a
2‘ 3 moderate-pressure refrigerant, (2) it s more stable with
i temperature, (3) it is more stable V;rhen exposed to water vapor,
:'E and (4) it belongs to the group of rdrigerants with the least toxicity -
ES:::’ [Ref. 1].

B The Navy has achieved significant success in reducing the size
‘3:“ and weight of its air-conditioning and refrigeration (ACSR) systems.
3 For example, such units being developed for the DDG-51 class ships
.. are approximately 25% smaller in size and weight than similar units
'j‘ | such as those on the CG-47 class ships. This reduction was achieved
»:‘3, primarily by using titanfum tubes with enhanced heat-transfer
—~ surfaces in the refrigerant condenser and evaporator on the DDG-51.
%g":;: The design and operating parameters, together with some computed
8

o 17

B

O 2R Y ) O ¥ L N S W o Y et e o Y
‘?‘i.".l."«‘ RN “; en -W"l.n‘i "5’3;’,}‘1‘, ‘ti 'w\“-!»'t L A NI A WARY Al

£ ', 0 WA, Y P o
. A?i,:,“‘- . _.' ' ST f;é ) &“5!9)125:-"sp'if_}i.‘l’,.f




parameters, for the CG-47 and DDG-51 condensers are listed in
Tables 1.1 and 1.2, respectively. Since almost all parameters are
different between these two units, a direct comparison of the size
and weight is not desirable. Therefore, the ratios UsAo/M (1.e., the
overall thermal conductance per unit mass of tube material) and
UoAo/V (i.e., the overall thermal conductance per unit volume of
condenser shell) have been listed in Tables 1.1 and 1.2 to enable a
more meaningful comparison. Based on these'numbers, the DDG-51
condenser represents no reduction in size but a 708 reduction in
weight of tubes when compared to the CG-47 condenser.

Figures 1.1 and 1.2 show a comparison of inside, wall and
outside resistances on absolute and relative bases, respectively, for
the CG-47 condenser. Figures 1.3 and 1.4 show similar comparisons
for the DDG-51 condenser. Comparing Figures 1.1 and 1.3, it is seen
that the total thermal raﬁstance has Increased in the DDG-51
condenser. As mentioned above, there are many design variables
involved in a condenser design. The increase in thermal resistance
in this case is overcome by changes in the operating conditions.
Notice that, however, in both condensers, the outside represents the
dominant thermal resistance: 50 percent and 67 percent for the
CG-47 and DDG-51 condensers, respectively. Therefore, any
successful atteinpt at decreasing the outside thermal resistance is
highly desirable and will result in further reducing the size and
weight of condensers in future designs.
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TABLE 1.1
| DESIGN, OPERATING, AND COMPUTED PARAMETERS
b FOR CG-47 CONDENSER

Design Parameters [Ref. 2]

', Tube material 90-10 Cu-Ni
| Fin density 748 fins/m

s Tube inside diameter 15.9 mm

i Tube outside diameter 19.0 mm

I Tube wall thickness 1.24 mm
| Tube length 3.61 m

;*g‘s: Number of tubes per pass 147

R Number of passes 2

R Operating Parameters [Ref. 2]

'.:'- _ Cooling water inlet temperature 31.1 °C
Cooling water outlet temperature -  37.1 °C

i Saturation temperature 40.6 °C

:‘g% . Cooling water flow rate 38.75 kg/s

g Total cooling load 906 kW

B Total outside surface area 207 m?
Cooling water velocity 1.80 m/s

s Overall thermal conductance (UgAo) 151 kW/K

i Mass of tubes (M) 993 kg

a Condenser volume (V) 1.14 m3

] UoAd/M 0.152 KW/K kg
= UoAo/V 132 kW/K-m3
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TABLE 1.2

DESIGN, OPERATING, AND COMPUTED PARAMETERS
FOR DDG-51 CONDENSER

Desian Parameters [Ref. 2]

Tube material Titanium
Fin density 1026 fins/m
Tube inside diameter 12.7 mm
Tube outside diameter 13.5 mm
Tube wall thickness 0.71 mm
Tube length 2.5%m
Number of tubes per pass 165
Number of passes 2
Operating Parameters [Ref. 2]
Cooling water inlet temperature 31.1C
Cooling water outlet temperature 35.2 ¢C
Saturation temperature 42.1 °C
Cooling water flow rate 51.75 kg/s
Computed Parameters
Total cooling load 826 kW
Total outside surface area 106 m?
Cooling water velocity 2.41 m/s
Overall thermal conductance (UgAo) 93.7 xW/K
Mass of tubes (M) 186 kg
Condenser volume (V) 0.722 m3
UoAo/M 0.504 kW/K kg
. UoAo/V 130 kKW/K-m3
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THERMAL RESISTANCE
K/kW ¢10E3

2 3

R Overall Inmer Wall Outer

_ Figure 1.1 Comparison of Inside, Wall, and Outside Thermal
Gl Resistances for CG-47 Condenser.

8

L

PERCENT OF TOTAL THERMAL RESISTANCE

e Inner Wall Outer

o Figure 1.2 Relative Thermal Resistances for CG-47 Condenser.
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Figure 1.3 Comparison of Inside, Wall, and Outside Thermal
9N Resistances for DDG-51 Condenser.

PERCENT OF TOTAL THERMAL RESISTANCE

N Inner Wwall Outer

DA Figure 1.4 Relative Thermal Resistances for DDG-51 Condenser.
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Film condensation on finned tubes is an extremely complex

process. In fact, as it will be discussed in Chapter II, theoretical

prediction of the condensing heat-transfer coefficient on externally

finned tubes in a bundle still cannot be achieved with sufficient

:j reliability despite the availability of about ten theoretical models.
* For this reason, it is imperative to perform careful heat-transfer
';‘:eé measurements covering the important design and operating
E:;:' parameters. In fact, a large pool of reliable data, systematically

covering relevant parameters (for example, the fin dimensions such
"‘.:: as fin spacing, thickness, and height), would be extremely
,;’.;‘ important in verifying theoretical models or in developing a

successful empirical correlation.

e

sl B. OBJECTIVES |

Based on the foregoing dlscussion; the rr.la,jor objectives of this
" thesis are:

1. Design, build, and operate an apparatus for the testing of a
condenser tube bundle with up to five tubes in a vertical row
L using R-114 as the working fluid.!

|}

)

.:. »

ha

‘ linitially, the primary objective of this study was to test a five-tube
bundle of smooth and externally enhanced (such as. finned) tubes {n an
‘5?: attempt to obtain the best performing tubes for the conditions of the Navy's
B interest. Por example, the testing of titanium finned tubes was essential.
;:a} Unfortanately, owing to considerable delays experienced in receiving funding
y't for this project and further delays with the installation of a large

- refrigeration unit, it was not possible to complete this objective. Therefore,
<9 two new objectives were added to provide supplementary information
:a toward the primary goal. Notice that the tubes discussed in the second and
Kl third objectives are made of copper and no titanium tubes were available for
| testing on the single-tube apparatus.
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2. Using a single-tube apparatus, with R-113 as the working
s fluid, test a series of 24 finned tubes with rectangular-section
o fins and a smooth tube in an attempt to obtain the optimum
) fin dimensions through a systematic study of these dimensions.

3. Make Indirect measurements of the local heat-transfer

coefficient around the periphery of two finned tubes with
u rectangular-section fins in an attempt to study the complex
X mechanisms involved during condensation on finned tubes.
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II. LITERATURE SURVEY

A. GENERAL OBSERVATIONS

. Condensation is the process by which a vapor is converted to a
liquid by removing the latent heat of condensation from the vapor.
The most common mode of condensation is filmwise in which
individual drops of condensate coalesce to form a stable, continuous
film on the cooled heat-transfer surface. This condensate film adds
an additional thermal resistance to the heat-transfer process. As
the thickness of the condensate film increases, the thermal
resistance increases. When a vapor condenses on a smooth
horizontal tube, this condensater film is relatively thin at the top
when compared to other locations on the tube. The further from
the top of the tube, the thicker the condenéate film becomes and
thus the thermal resistance increases. It is the thermal resistance
of the condensate film that limits the heat-transfer performance of
the tube. Therefore, to enhance the heat-transfer characteristics of
a tube, it is necessary to reduce the condensate film thickness. For
horizontal tubes, thinning of the condensate film may be achieved
by using finned surf'aces_, drainage strips, or other enhanced heat-
transfer surfaces, such as wire-wrapped tubes or roped tubes.

When examining a finned tube during condensation, there
exist two regions: a flooded region and an unflooded region. The

flow of condensate between the fins depends on the ratio of surface
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tension forces to gravitational forces. The effect of surface tension
on the behavior of the condensate is twofold. The first effect is a
reduction of the condensate film thickness on the fin flanks in the
unflooded region of the tube, which leads to enhanced heat
transfer. In this region, the condensate on the fin surface is driven
by the combined effects of surface tension and gravitational forces
into the fin root where it is drained by gravity. The second effect is
the retention of condensate between the fins on the lower, flooded
portion of the tube, which léads to a decrease in the effective heat-
transfer area and thus reduced heat transfer.

The flooded portion of a finned tube is defined by the retention
angle (¢) (i.e., the angle from the bottom of the tube to the highest
position on the tube where the interfin space {s filled with
condensate as shown séhematically in Figure 2.1). Decreasing the
retention angle increases the heat-transfer performance. Therefore,

any means of reducing the retention angle is beneficial.

B. EXPERIMENTAL STUDIES
1. Condensate Retention Angle
Measurements of the condensate retention angle, ¢, were
first made in 1946 by Katz et al. [Ref. 3]. These measurements
were made fof water, aniline, acetoné, and carbon tetrachloride
under static conditions (1.e., no condensation taking place)' on tubes
with fin densities ranging from 276 to 984 fins/m and fin heights of

1.2 to 5.7 mm. It was shown that condensate retention depended
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A Figure 2.1 Schematic of Condensate Retention Angle on a Finned
' Tube.
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i‘:;‘ mainly on the ratio of surface tension to liquid density and on the
3,:% fin spacing. In some circumstances, condensate could completely
R flood the tubes.
;.-' More recently, measurements of the condensate retention
,."; angle have been made for both static and dynamic conditions. In
Ev 1981, Rudy and Webb [Ref. 4] made measurements of condensate
a retention angles on finned tubes with three different fin densities
E (748, 1024, 1378 fins/m) for water, R-11, and n-pentane under static
7’3” conditions and for R-11 and n-pentane under condensing conditions.
:,:' Their results showed that the retention angle increases with an
:; increase in the ratio of surface tension to density (o¢/ps). It was
:
C further concluded that the retention angle did not differ significantly
}f- between the static and dynamic conditions for integral-finned tubes.
“ Honda et al. [Ref. 5], in 1983, reported measurements on finned
' tubes with ethanol and R-113 for both static and condensing
;‘-E conditions and found essentially the same results. The use of porous
-r?‘: drainage strips signiﬁcantly reduced the retention angle, and, again,
!'_; there was little difference between static and dynamic tests. Yau et
; al. [Ref. 6] also made measurements under static conditions for a
;j-.. range of fin densities using water, ethylene glycol, and R-113. They
37 used an apparatus to simulate condensation on finned tubes with
; Z‘: and without drginage strips. They concluded that a dramage strip
e attached edgewise to the bottom of the tube can significantly reduce
iy the condensate retention angle.
<
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2. Heat-Transfer Measurements

Beatty and Katz, [Ref. 7], in 1948, performed experimental
measurements of the heat-transfer enhancement of finned tubes for
various test fluids (methyl chloride, sulfur dioxide, R-22, propane,
and n-pentane) on a 15.9 mm diameter copper tube having 630 fins
per meter, and for R-22 for copper tubes of various other fin
geometries and on a nickel tube. They reported enhancements in
the overall heat-transfer coefficient of up to 2.3 over that of the
smooth tube for R-22. A direct comparison of the enhancement in
the outside heat-transfer coefficient was not made.

In 1971, Palen et al. [Ref. 8] measured the overall heat-
transfer coefficients for steam condensing on spirally grooved tubes
with a deep groove configuration in a baffled multi-tube shell-and-
tube condenser and compared the results to thc'>se for a smooth
tube. The tube tested had a groove depth of 4.8 mm deep, a pitch
length of 57 mm with four groove starts. It shouid be noted that

enhancements were obtained on both sides of this tube. An increase

' in the overall heat-transfer coefficient of 2.2 was obtained after

correcting for tube' wall thickness. A Wilson plot technique was used
to separate shell-side and tube-side film coefficients. The
enhancement in the condensing heat-transfer coefficient was 120
percent over the corresponding smooth tube.

Karkhu and Borovkov [Ref. 9], in 1971, performed
experiments by condensing steam and R-113 on four different tubes

with trapezoidal fins. They reported heat-transfer coefficients 50 to
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100 percent higher than for a smooth tube. Unfortunately, they
, did not report enhancement separately for the_se two fluids. In
' 1980, Carnavos [Ref. 10] tested a wide variety of finned tubes using
R-11 and obtained improvements in the heat-transfer coefficient up

4

ﬁ? to 5 times that of a smooth tube. Honda et al. [Ref. 5], in 1983,
" N, tested four low-fin tubes with different fin geometries using
i methanol and R-113. Enhancements (based on constant AT) of the
::.:E;: vapor-side coefficient of 6 for methanol and 9 for R-113 were
g obtained. In 1984, Yau et al. [Ref. 6] tested thirteen tubes with
‘ rectangular-section fins, where the only variable was fin spacing.
‘:‘ ',"': An enhancement based on constant AT of 4 was obtained for steam
*‘ condensing at atmospheric pressure.

During the past four years, a wide variety of data has been
1 .;:A obtained at the Naval Postgraduate School (NPS) by Poole [Ref. 11],
Georgiadis [Ref. 12), Flook [Ref. 13}, and Mitrou [Ref. 14] for
E; filmwise condensation of steam on horizontal finned tubes of
;' rectangular cross-section. Tests were run at both 85 mmHg and
‘.')" atmospheric pressure on these tubes. The results showed optimum
, v enhancement for a fin spacing of 1.5 mm for both pressure
Z.-:-j conditions. Also, the optimum f{n thickness was found to be from
‘ 0.7 mm to 1.0 mm. Further, the enhancement increased with
‘l' :j. mcrea.sing fin height, but the rate of increase was smaller than the
'5 rate of area increase with fin height vaiues greater than 1.0 mm.
~: Thus, a value of 1.0 mm was found to be an economical fin height.
A
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b In 1985, Masuda and Rose [Ref. 15] made measurements of
'::Z::: the condensing coefficient of R-113 on rectangular-section fins with a
W height of 1.59 mm and a thickness of 0.5 mm. Fourteen fin
§ . spacings between 0.25 mm and 20 mm were used. They obtained a
;f; maximum enhancement of 7.3 (at constant AT) at a fin spacing of
B 0.5 mm.

gt Union Carbide [Ref. 16], in 1982, reported that test data for
‘g%i single tube tests of stearn, ammonia, R-12, and propylene
ot condensing on wire-wrapped tubes of aluminum, copper-nickel, and
;;‘i?: copper generally showed condensing performance that was 2 to 3
e times better than a bare tube. In 1984, Marto and Wanniarachchi
A [Ref. 17] reported data for the condensation of steam at near
.' atmospheric pressure on smooth tubes and roped tubes with and
*i without a helical, external wrap of a 1.5-mm-diameter titanium
"; wire. Measurements were made on five tubes; arranged vertically to
ité simulate a tube bundle. A perforated tube above the test section
,-:;: simulated a tube buhdle of up to 25 additional tubes above the tubes
':‘ under test. It was estimated that increases in the average
:? condensing heat-transfer coefficient for tube bundles of 50 percent
',.:,’ (over that for the smooth tubes) can be achieved by wire wrapping
o of condenser tubes. Sethumadhavan and Rao [Ref. 18], in 1985,
'\'2 condensed steamm on one smooth tube and nine spirally wire-
wrapped horizontal tubes having varying pitch of the wire-wrap
and various wire diameters. Enhancements in the condensing film
__1':- coefficient for steam ranged from 10 to 45 percent. They reported
s
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that the maximum improvement was achieved when 21X of the
tube surface was covered by wire.

C. THEORETICAL MODELS
1. Condensate Retention Angle

The first model for the condensate retention angle was
presented in 1946 by Katz et al. [Ref. 3]. The retention angle was

given by:
¢ _ .ot (4D -2Do+2s) 1801 _ ¢ 2.1)
sin¢d ot [ 1;_ (D2 - Dg?)t 980 ot

where C is a function of the tube dimensions only. It was shown
that condensate retention depends mainly on the ratio of surface
tension to liquid density for any given tube.

In 1982, Rifert [Ref. 19], using a model of the capillary rise
height of # fluid on a vertical plate, reported the following equation
for the retention angle:

¢ = cos~! [1--22@] (2.2)

Pt8Do Ap

Rudy and Webb [Ref. 20], in 1983, developed a theoretical
model for condensate retention on tubes with rectangular fins, based
on caplllary equations for condensate rise of a liquid In a vertical U-

shaped channel. The expression they developed was
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¢ = cos™1 [1-2—"‘94'—9] . (2.3)

prgesry

The model did not take into account vapor shear or condensate
loading. They were able to predict measured condensate retention
angles within + 10 percent of their previous experimental work. The
model showed that the Important parameters that determined the
condensate retention angle were the fin density and the surface
tension to density ratio of the condensate. As either the fin density
or surface tension to density ratio increase, the condensate retention
angle increases. The fin height was shown to play a secondary role.

Also, In 1983, Honda et al. [Ref. 5] presented a theory for
the condensate retention angle. Thelr experimental work suggested
that the meniscus profile in the flooded region of the tube was
determined primarily by a balance of surface tension and body
forces acting on the condensate. In their model, they assumed that
the meniscus went from fin tip to fin tip. The final form for the

retention angle was given by:

20fCOS ]
= -111-
¢ = cos [1 orgsirel (2.4)

They obtained good agreement with their own experimental

measurements and those of Rudy and Webb [Ref. 4].
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In 1985, Rudy and Webb [Ref. 21] modified their earlier

: model for predicting the condensate retention angle (eqn. 2.3)
»;, [Ref. 20] to allow for fins of arbitrary shape. As in their previous
::..' model, this model was based on capillary rise in a vertical U-shaped
‘e' channel. The effects of vapor shear and condensate loading were
R not considered. The following equation was recommended to predict
.',.r the condensate retention angle:

2 # = cos~1 [1'0,::((;3-%\ p)] 2.5)

b

‘»',: Notice that this equation reduces to equation 2.4 for tubes with
, rectangular-section fins.

" Masuda and Rose [Ref. 22], in 1985, considered four separate
“flooding® conditions. These different conditions were based by the
O actual meniscus profile at various locations around the tube. The
\ cases identified were: when the interfin space Is Jjust filled by the
e meniscus but the fin flanks are not fully wetted, when the fin
: , flanks are fully wetted but the mterrln space is not, when the entire
é's interfin space Is just wet and the contact angle of the meniscus at
« the fin tip is non-zero, and when the flanks of the fins are just
wetted with a finite film thickness at the center of the interfin
" space.  Separate expressions were developed for each of these
N conditions. The last condition given is that which corresponds to the
condensate retention angle. The retention angle Is then given by:
s
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cos ¢ = fgstrs cosf-1 . .6)

2. Heat-Transfer Models
. The most widely used model for condensation on horizontal
finned tubes is that developed by Beatty and Katz [Ref. 7]. Their
model, a Nusselt-type equation based on the equivalent diameter of

K- the finned tube, gives the average condensing coefficient by the
§
P following equation:
. Ye Ye Ye
- o.m [to2ebu] (0% [0
, hpx = 0.689 [ o AT D , (2.7)
\ where
91 ' A.f l:'/‘ Ac‘ Do'/‘ ’ ‘
A
* - _ n[oe-ns]
L=—"" 4Dy - , and (29)
‘ Aef = Ao + nf Ar . (2.10)
*
A The model assumed gravity-dependent flow and did not take into
b’

account surface tension or the effects of condensate retention. The

[}

&

leading coefficlient of the Nusselt equation was modified to fit their

-'~‘§'.‘

experimental data. The equivalent diameter, Deq, accounts for the
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o fin efficiency and includes the term L which is the mean effective
. ¥ height of the fins. The resulting equivalent diameter is smaller than

:‘* the smooth tube diameter. As the fin density increases, the
.q’ predicted heat-transfer coefficient increases faster than the area
,,_ ratio of the finned tube to the smooth tube. This is a direct result
e of the smaller equivalent diameter. They reported a maximum
;‘:;‘{:é error of +7.2 percent and -10.2 percent with their experimental data
;ﬁg::. for low-surface-tension fluids. The model tends to overpredict the
heat-transfer coefficient as surface tension or fin density increases.
,:f In 1954, Gregorig [Ref. 23] noted that surface tension
:;‘:':' effects can lead to large pressure gradients in the condensate film.
' These pressure gradients can be many times larger than those due
:': to gravity alone. The result is to accelerate the condensate flow and
: therefore thin the condensate film giving larger heat-transfer
coefficients.
é;i Karkhu and Borovkov [Ref. 9], in 1971, developed a model
" for the condensing coefficient of stearmn on horizontal tubes with fins
‘:" of trapezoidal cross section. Their analysis assumed: the thin
::J; condensate film on the fin is a laminar boundary layer with the
t pressure gradient due to surface tension only, the motion of the
- . condensate is laminar and is produced by gravity, condensation in
‘,,‘ the condensate-filled space can be neglected, and the fin
' temperature is constant over its entire height. The final expression
, they obtained for the average condensing coefficient was related to
:: the condensate flow rate.
s
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In 1981, Rudy and Webb [Ref. 4] proposed correcting the
Beatty and Katz model to account for flooding. They assumed that
the flooded portion of the tube was ineffective. Therefore, they
multiplied the heat-transfer coefficient predicted by the Beatty and
Katz correlation [Ref. 7] (eqn. 2.7) by the ratio of the unflooded

area of the tube to the total area, as shown below:

hpg* = hpx [ﬂ] : (2.11)

n

They found that this model underpredicted the condensing coefficient
by 10 to 50 percent.

In 1985, Webb, Kedzierski, and Rudy [Ref. 24] developed a
new mode! which included surface tension effects on film drainage

and on condensate retention. Their new model took the form:

‘ A A
hn=(1-cp) [hh;‘+hrsm;1] + cp hp (2.12)
where:
2 -%
hy = 1.514 [—H—Re] , 2.13
Va
[+1
hts = 2‘149‘£L Wﬂu (214)

Sm ue ke AT (§+2)3 '
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hp e and (2.15)
=1 -1[- 20¢ (P - tp) ]

Cp = 3 Cos 1 or8Do(Pre- Ayl (2.16)

This new model was able to predict condensing coefficients within
1t 20 percent of experimental values for R-11;

Recently, Wanniarachchi et al. [Ref 25] compared their
steam data on six tubes with rectangular-section fins against the
Webb et al. model. They showed that their data agreed to within
+ 20 percent with the predictions, except for the fully flooded tube
(l.e., a tube with a fin spacing of 0.5 mm), both under
near-atmospheric and low-pressure conditions. Notice that Webb
et al. used a two-dimensional conduction model to express heat
transfer in the flooded region of the tube. As discussed by
Wanniarachchi et al., the fully flooded tube showed a two to three
times greater heat-transfer coefficient than that predicted by
one- or two~dimensional heat conduction. This unexpected
performance may be attributed to significant thinning of the
condensate film at the fin tips and edges even when the tube s fully
flooded. The Webb et al. model combined with a more realistic
model to express the heat-transfer performance through the
flooded region appears to show considerable promise.

Honda and Nozu [Ref. 26], in 1985, developed a

comprehensive numerical model to predict the heat-transfer
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performance on finned tubes. In their model, they included a
pressure-gradient term arising from surface-tension forces in the
momentum equation. They numerically solved their fourth-order
differential equation for the condensate film thickness. This model
predicted within t 20% most of the data for 11 fluids and 22 tubes.
In 1987, Honda et al. [Ref. 27] improved the model of Honda and
Nozu to include the case of relatively large fin spacings in
comparison to fin height. Their model shows agreement within
+ 20% between their model and most of the experimental data for 12
fluids and 31 tubes. However, their model underpredicts the data
on a fully flooded tube (i.e., when condensing steam on a finned
tube with a fin spacing of 0.5 mm) by about 40%, indicative of the
very complex mechanjsms involved. Despite the considerable success

shown by this model, it appears impractical to use it as a design tool

owing to its complexity.
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:SEE?': | III. DESCRIPTION OF APPARATUS

.“‘"

i A. MULTI-TUBE TEST APPARATUS

4 1. Description of Apparatus

3 A basic schematic of the apparatus is shown in Figure 3.1.
: The apparatus was designed to support two different lines of
:;3 research: the condensation of R-114 on enhanced heat-transfer
e surfaces in a tube bundle and the study of the effects of ofl on the
_**; tube bundle performance when boiling R-114. The requirements of -
‘“§ the boiling research lead to the heater selectioh and design of the
" power distribution to be described later, while the evaporator section
ﬁ, will be described by Murphy [Ref. 28], the present thesis deals only
with the condenser unit of this overall apparatus. .The operating
i pressure was slightly above atmospheric, which corresponds to a
‘: ::&. saturation temperature of 2.2 °C. This low condensing temperature
‘: '~ requires a coolant maintained at about =18 °C necessitating a
“{ refrigeration system. While the boiling experiments should be
,"' performed at 2.2 °C, which is the actual evaporating temperature
:.‘. used by Navy chillers, condensing experiments may be separately
s carried out at a slightly higher (up to 20 °C) temperature. Notice
f:‘; that the actual condensing temperature is about 41 °C (see Tables 1.1
-~ and 1.2).

Both the condenser and the evaporator were designed as

e pressure vessels. It was decided that it would be highly desirable to
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Figure 3.1 Schematic of Multi-Tube Apparatus.
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,:: have the system remained charged with R-114 when at room
g;fli; temperature (26 °C). The saturation pressure (absolute) of R-114
::27. corresponding to this temperature is about 220 kPa (32 psi). The
e design pressure (absolute) was therefore 276 kPa (40 psi) (this
?:;g corresponds to  atmospheric pressure plus 150 percent of the
R pressure differential at room temperature).
:;;?i; Figure 3.2 shows a side view of the condenser shell. The
Al shell was made of 6.4-mm-thick 304 stainless steel with an
B outside diameter of 610 mm and a length of 1.2 m. The seam as well
;::::‘:E as all other Jjoints were double-welded (i.e., welded from both
':;.::' sides) to increase strength and to ensure against any possibility of
"” leaks at the welds. Five viewports were provided on one side of the
E_ﬁ shell to allow observations and phqtographmg during operation. The
":{ viewports have an inner diameter of 102 mm. R-114 causes
. crazing of Plexiglas and other similar products; therefore, each
i viewport uses a 12.7-mm-thick Pyrex glass backed by
:’3 12.7-mm-thick Plexiglas for safety. The bolting ﬂanse' on either
J‘ end of the condenser as well as both end plates were made of a
gﬁ: 12.7-mm-thick stainless steel plate. This is to prevent flexing of
"'":! the endplate when the internal pressure increases from operating
;. conditions to shutdown conditions at room temperature with R-114
;’é charged. Such movement of the endplates mgy cause the O-rings
: sealing the test tubes to unseat and allow leakage of R-114 to the
; atmosphere to result. To further reduce deformations of the
ae
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endplates, 12.7 mm X 38.1 mm reinforcing bars were welded to the
outside of both endplates.

The condenser will allow testing of a bundle simulation of up
to five individually-instrumented tubes. The tubes are supported
at each end by a 25.4-mm-thick nylon block which {s bolted in
place. A 12.7-mm-thick stainless steel block is then bolted in
place to compress the O-rings. The condenser s attached to the
evaporator via a 305-mm-diameter pipe having a wall thickness
of 9.5 mm.

Figure 3.3 shows an end view of the condenser with the
nylon support block and stainless steel backing plate removed. The
opening for the instrumented tubes as well as the inlet and outlet
lines for the auxiliary condenser will be discussed later.

Figure 3.4 shows the internal arrangement of the
condenser. Inside the condenser shéll itself is a shroud to direct the
flow of vapor. The shroud is made of a 1.6-mm-thick stainless
steel plate and has a glass plate on the side facing the viewports.
Vapor will flow up from the evaporator and when it reaches the
shroud, it will spread out axially as well as radially. The vapor will
continue flowing upward till it reaches the top, and then it will flow
downward past the test section into the auxiliary condenser. There
is a 102-mm lead-in section before the first test tube is reached.
This is to allow for a uniform flow past the test tubes. A portion of
the vapor will condense on the five instrumented tubes and the

excess vapor will then flow into the auxiliary condenser. The
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R auxiliary condenser is filled with five copper coils, each made from a
- 9.5~-mm-~diameter soft-copper tubing having a length of about 12
m. The coils had an outside diameter of approximately 70 mm.

& The evaporator was designed to supply a constant output of
By 15 kW. A constant total heat input to the evaporator is extremely
important in malntainlrig systemn pressure and temperature and the

P
- -

vapor velocity in the condenser. The heater arrangement was

% designed to support testing of boiling heat-transfer surfaces. For
’ tube bundle testing of R-114 with ofl present, there are five
;‘l instrumented heated tubes in a vertical row and ten
i uninstrumented tubes with heaters. Located at the very bottom of

- , the evaporator are the bundle simulation heaters. These heaters are
used to simulate varying numbers of rows of tubes below the.
instrumented tubes. The last bank of heaters are the auxiliary
heaters located on either side of the bundlé test section. When
operating the system, the total. output of 15 kW may be obtained by
varying the voltage to these varfous groups of heaters through three

el
22 a 44 A

individual variacs.

The next item in the overall design to be discussed is the
Y refrigeration systermn. Unlike R-113 discussed in Section B below,
s} which has a saturation temperature of 47.5°C at atmospheric
: pressure, R-114 has a saturation temperature of 2.2 °C. To provide
an adequate temperature drop for condensing R-114 wvapor, a

40-60 mixture of water and ethylene-glycol at a temperature of

4%

-18 °C {s used. This mixture is stored in a sump having a capacity
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P
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B of approximately 1.5 m3. A refrigeration system having a cooling
}i‘ capacity of 28 kW (8 tons) with a 30-gpm pump takes a suction on
33:' the sump and returns the cooled mixture to the sump at the desired
' temperature of -18 °C. The refrigeration system is provided with a
‘:2': hot gas bypass for continuous operation. It is also provided with the
5 following protective devices to prevent damage to the chiller barrel:
f"" low-flow cutout, low-temperature cutout, and high-pressure
i‘.?é’ cutout. Two separate pumps supply coolant to the instrumented
condenser tubes and to the auxiliary condenser.
}: The first pump provides coolant flow to the condenser test
:::; tubes. After leaving the pump, the mixture enters a manifold,
‘_"?;7 which distributes the flow equally to each of the five test tubes.
\ The flow then enters individual flowmeters. The coolant then enters
2 the once-through condenser test tube. After leaving the condenser,
. the mixture enters a mixing chamber to ensure complete mixing of
.E:"' the fluid before exit temperatures are carefully measured. The five
Es: individual flow circuits then merge again with a second manifold
f and finally return to the top of the sump.
,-_Z_j\; The second pump provides flow through a single flowmeter
'3 and through a manifold to distribute the flow into the five coils of
5 the auxiliary condenser. There are, however, individual cutout
:I;' valves for each coil. Flow through the auxiliary condenser coils
::: enters and leaves through the same end of the condenser. As with
the test tubes, the five individual circuits are combined and then
E: flows back into the top of the sump.
il
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il
e Wherever possible, the apparatus described above was
1::,‘: insulated with foam-rubber thermal insulation to minimize
g4 superheating of R-114 vapor and to minimize the load on the
-_‘ refrigeration system.

N
:?;3:' 2. Instrumentation
ot Power to the heaters is controlled by the three variacs as
g«: '4 described above. The voltage and current to each group of heaters
'é : are measured with In-line sensors and recorded by the
" data-acquisition system. These sensors provide a linear output of
; -\. 0-5 Vdc for both AC current and voltage. A pressure gage was
{ installed to measure system pressure. In addition, a wvacuum
Al breaker and a pressure relief valve are installed.
- Vapor and condensate temperatures are measured using
Q‘.Z calibrated copper-constantan thermocouples with an accuracy of
:" t0.1K. Thermocouples are also used to measure the cooling
:?:_E mixture inlet temperature to each of the five test tubes. The
‘153 temperature rise of the cooling mixture across each test tube is
i measured with a separate 10-junction, series-connected
.'.ﬁ\ copper-constantan thermopile with a resolution of 0.003 K for each
"?f; condenser test tube. The cooling mixture flow to each test tube fis
e measured using a calibrated rotameter and the value is manually
.j._"a fed into the computer for computations.
= 3. System Integrity
o Initial leak tests will be carried out at positive pressure
Eg prior to filling the system with R-114. After filling the system with
el
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a small amount of R-114, an automatic halogen leak detector will be
b used to detect leaks. After all leaks are corrected the system will be
"ol filled with R-114. Each time a connection is broken and remade, it
will be tested with only a small amount of R-114 in the system with
the automatic halogen detector and any leaks detected will be
corrected immediately. ]
vy 4. Data Acquisition Svstem
y An HP-9826A computer will be used to control an HP-3497A
Data Acquisition System, which will monitor system temperatures
and evaporator power input. Raw data will be processed
immediately and also be stored on diskette for later reprocessing.
After all data sets are completed, they will be reprocessed using a
modified Wilson method.
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B. SINGLE-TUBE TEST APPARATUS
1. Description of Apparatus ‘
The construction of the single-tube test apparatus, shown in

" ;. ‘..'.;'..'. 4,

Figure 3.5, was accomplished by Krohn [Ref. 29] and was modified
and improved by Graber [Ref. 30] and Poole [Ref. 11]. The test
apparatus was originally designed and built for use in investigating
the condensation of steamm and has been used extensively for this
purpose by Poole (Ref. 11], Georgiadis (Ref. 12], Flook [Ref. 13], and
Mitrou [Ref. 14]. Since R-113 is a low-pressure refrigerant with a

"l‘l
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normal boiling point of 47.5 °C, no modifications of the apparatus 1
were required.
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o & The test apparatus was a closed-loop system consisting of a
*E§ condenser and a boiler. The R-113 was evaporated in a 0.3048 m (12
R inch) diameter Pyrex glass section that was fitted with ten 4-kW,
':':.' 440-V, Watlow immersion heaters. The vapor flowed upward
O through a 305 mm to 152 mm reducing section, through a 2.44-m-
R long section of glass piping, and into a 180-degree bend. Upon
§§E§: exiting the 180~degree bend, the vapor then flowed downward
ey

ALY through a 1.52-m-long section before entering the stainless-steel test

section, shown in Figure 3.6. The tube under test was mounted

i:.::‘ horizontally in the test section. A portion of the vapor condensed on
:::E:",. the test tube, while the remainder was condensed in the auxiliary

- condenser located below the test tube. The liquid R-113 was gravity

gt drained back to the boller completing the closed-loop operation of the
3 apparatus.
) A viewport was provided in the initial design to enable
: observation of the mode of steam condensation on the test tube. As
.. noted by Poole [Ref. 11], it is generally fairly difficult to obtain
.v) N complete filmwise condensation on copper surfaces when condensing
;;‘E steam. However, owing to the very high wetting characteristics of
:?» refrigerants, filmwise condensation is the only mode possible. During
e this investigation, the viewport was used mainly to ensure uniform
‘\; condensation over the length of the test tube and to take
g photographs of the tubes during condensation.
_ The auxiliary condenser was a once-through system
i_: consisting of two helically coiled copper tubes 9.5 of mm in diameter
I
:;::
A 52
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e and colled to a height of 0.457 m. A continuous flow of tap water

.g.

:;.;ﬁ was provided to the auxiliary condenser through a flowmeter. A
U

throttle valve controlled the water flow rate through the auxiliary

condenser to maintain the desired system pressure. A separate

o

p }, source of cooling water was provided for the test tube. A
e continuous flow of tap water was sent to a water surhp with a
£ capacity of 0.4 m3 that provided the suction head for the two
".E‘.;Z’- cooling water circulating pumps which were conhected in series.
._ The flow was controlled by a throttle valve to control the system
§ pressure and, thereby, the saturation temperature. The discharge
3:.” % of the second pump was throttled and then sent through a
- 2 flowmeter prior to entering the test tube. Water velocities through
, the test tube could be varied from 0 to 4.4 m/s. At the exit of the
t : test tube, a mixing chamber was provided to ensure accurate
o measurement of the water outlet temperature. The water flow was
‘i.jr; then directed to a drain.

4-.._ A vacuum pump was used to evacuate the system prior to
.- y initial filling with R-113 or after installing a new condenser test tube
' ‘"“;;S to remove non-condensing gases. The system used for this purpose
5:... {s shown in Figure 3.7. The small condenser was provided to reduce
3 : the amount of vapor dlfawn into thg vacuum pump by condensing
: 3 3 it. The condensate was collected In a cylinder and was drained into
"3& a collection bottle after each use of the wvacuum pump. The
: condensate was then reused to replace itself in the system. The
:{9’ operation of the apparatus was commenced by allowing a heat load
o :
b2
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of about 8.4 kW to the boiler heaters. The vacuum pump was

! energized intermittently, for a period of about one minute each
:?:"'; time, to remove air from the system. Care was exercised not to
i release excessive amounts of R-113 vapor to the surroundings.
'I Initial purging was carried out until no air pockets (i.e., areas of the
3“‘"’5 condenser coil where condensation was inhibited) were seen in the
f E auxiliary condenser (see Figure 3.4). Once the system was operating
N
’»{ at near steady-state condition, further purglng was carried out for
. about 60 seconds each time until no further improvement in the
;f ’ measured condensing coefficient was observed. After successful
% purging using this procedure, air could not be leaked in as the
m system was operated at a slightly positive pressure. Therefore,
_: continuous purging as performed by previous investigators, when
é‘:: condensing steam at an absolute pressure as low as 85 mmHg, was
" not required during this investigation.
e 2. Instrumentation
‘E:‘ 1 A panel-mounted potentfometer controlled electrical power
:;'3;:’ to the immersion heaters in the evaporator section. Input power to
;;:.ﬁ: the evaporator was fed to the data-acquisition system by a root-
':.3:‘; mean-square converter with an finput voltage of 440 VAC. A
- ~ detalled description of the power supply system s provided by Poole
25:5 [Ref. 11). The absolute pré&sure of the system was measured using
"': a U-tube, mercury-in-glass, manometer graduated in millimeters,
N connected above the test section.

&




Vapor, condensate, and ambient temperatures were
measured using calibrated copper-constantan thermocouples with an
.., accuracy of t 0.1 K, when compared to a platinum-resistance
thermometer. Two thermocouples were used for vapor temperature
measurements, one for condensate return temperature, and one for
i . ambient temperature. The most critical measurement in this
) experiment was the temperature rise of the coolant through the test
' tube. Therefore, considerable attention was paid to obtaining the
? best possible accuracy of this measurement. Fér this purpose, two
independent means of measurement were used: a Hewlett-Packard
(HP) 2804A quartz thermometer with two probes having a resolution
of up to £ 0.0001 K, and a 10-junction, series-connected copper-
constantan thermopile with a resolution of 0.003 K. These two
K techniques resulted in temperature-rise mgasurements to within
+0.03 K about 90% of the time. The thermopile reading was found
N to fluctuate up to + 0.05K as a result of the radio frequency
b interference discussed by Poole [Ref. 11]. On the other hand, the
reading of the quartz thermometer was very stable and this reading
~:- was used for calculation of the heat-transfer performance of all
ok tubes tested.

‘ Cooling water flow was measured using a calibrated
rotameter and the value was manually fed into the computer for
computations. A second rotameter was provided to allow for

adjusting water flow though the auxiliary condenser.
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3. System Integrity
Leak tests were carried out both under vacuum and at
positive pressure prior to filling the system with R-113. The leak
rate at an absolute pressure of 45 mmHg was estimated to be less
than that corresponding to a pressure rise of 6 mmHg in 24 hours.
Also, an automatic halogen leak detector was used when the system
was at a positive pressure, and no leaks were detected. Once the
systern was filled with R-113, no further vacuum tests were
performed. Instead, each time a .connectlon was broken and
remade, it was tested with the system operating at a slight pressure
(as discussed earlier) with the automatic halogen detector and Any
leaks detected were corrected immediately.
4. Data Acquisition System
An HP-9826A computer was used to control an HP-3497A
Data Acquisition Systermn to monitor system températuros and boiler
power input (using the converter signal). Raw data were processed
immediately and also stored on diskette for later reprocessing. After
all data sets were completed, they were reprocessed using a modified
Wilson method.
S. Tubes Tested
A total of twenty-four finned tubes and a smooth tube
were tested. All tubes were made of copper and had the following
dimensions: an inner diameter (D) of 12.7 mm, a smooth tube outer
diameter (Do) or finned tube root diameter (Do) of 19.05 mm, a test
length (L) of 133.3 mm, a length (Li) unexposed to vapor on the
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inlet side of 60.3 mm, and a length (L2) not exposed to vapor of
34.9 mm on the cooling water outlet side. A summary of tubes
tested and their fin dimensions is given in Table 3.1.
6. Insulation of Tubes for Local Measurements

Two of the tubes listed in Table 3.1 (tubes F04 and F15)
were. tested to determine the variation of the local heat-transfer
coefficient. To accomplish this, the inner and outer surfaces were
insulated as shown in Figure 3.8. The insulation was applied
between the fins and across the tips of the fins over a given total
angle. This insulation was held in place by an additional insulating
strip which was fastened in place by a piece of fine stainless steel
wire. The inner insulating strip was held in place by a T-shaped

stainless steel insert as shown in Figure 3.9.
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TABLE 3.1

. GEOMETRY OF TUBES TESTED

'.;t.

g Tube Fin Fin Fin
e, No. Height Thickness Spa

' e (mm) t (mm) s (mm§
a‘\‘

2' so1 - - -
o

- D02 1.0 1.0 0.25
S F04 0.5
. ~ FO05 1.0
0 F06 1.5
A Fo07 2.0
N Fos 4.0
s :

F10 1.0 0.75 0.5
e Fi1 1.0
0 : F12 1.5
22 F13 2.0
- Do1 1.0 0.5 0.25
o Fi5 0.5
e F16 1.0
v ; F17 1.5
e Fi8 2.0
" F22 2.0 1.0 1.0
. 3 F23 1.3
’2 F24 2.
_

Wwh F26 0.5 . 1.0 1.0
o F27 1.5
i F28 2.0
o

s . F30 1.5 1.0 1.0
" F31 1.5

F32 2.0

K

:.')
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IV. SYSTEM OPERATION AND DATA REDUCTION

A. PROPOSED PLAN FOR OPERATING MULTI-TUBE TEST
APPARATUS

1. System Operation

Following the installation of condenser test tubes and after
ensuring that all studs and any other connections that were broken
are assembled and tight, a small amount of R-114 will be introduced
into the system. The system will then be checked for leaks with the
portable halogen detector. After any leaks that are discovered are
fixed, the system will then be fully charged with R-114. After the
system is fully charged, the pumps for the coolant mixture will be
started and flow through the condenser test tubes and the auxiliary
condenser will be started. Flow through the condenser will be used
to control the saturation temperature, and therefore the pressure of
the system. When the temperature {s near the desired operating
value of 2.2 °C, the heaters will be energized and adjusted to 15 kW.
Periodically, the vacuum pump which takes a suction at the center
of the auxillary condenser will be operated to remove non-
condensing gases. At all times, care will be taken not to allow
system pressure from falling below 700 mmHg or from exceeding
248 kPa (36 psi). These precautions are necessary to prevent opening
the vacuurmn breaker and reintroducing non-condensing gases or

lifting the pressure relief valve.
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i When steady-state conditions at 2.2 °C are reached, sample

:ffé data sets will be taken and the outside condensing hcat-transfer
w5 coefficient for the test tubes will be calculated. After collecting each
Lo data set, the vacuum system will be operated to remove any
-E_-é remaining non-condensing gases. This procedure will be repeated
ws until three consecutive data sets show no increase in the calculated
h condensing coefficient on any of the five test tubes at which time it
:':ﬁ, will be assumed that all non-condensing gases have been removed.
B Since the systemn operates at slightly above-atmospheric pressure,
'Z once non-condensing gases have been removed, the vacuum pump
z-i will be secured.

i; Data will be taken at different flow rates through the test
tubes at values to be determined after the initial test runs. Flow

rates will be selected to provide approximately even-spaced heat-
flux values. After data are taken at a selected flow rate, flow

E through the test tubes will be adjusted to the next value. The flow
N

‘“ to the auxiliary condenser will be adjusted as necessary to correct
v for any drift from the desired operating pressure.

.'E;‘ The system will be secured to one of two states. The first is

shutdown state while remaining charged with R-114. This is the
. condition that may exist when securing for the night and |t is
} desired to retest the installed tubes the next day. This shutdown
condition would also be desired when taking data on the effects of
o various ofl concentrations of boiling surfaces and it is desired to

increase the oil concentration. This shutdown condition requires
64
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'{ that the heaters in the evaporator and flow through the condenser
,',_'*I be secured. As the system slowly heats up to 26 °C, pressure will
‘:' increase to about 220 kPa (32 psi).
_:'4 > The second shutdown condition is the one required to
5 change tubes. This condition requires as much R-114 as possible be
R removed from the system. This is accomplished by securing all
.. heaters except the bundle-simulation heaters at the bottom of the
j:z- evaporator. The flow through the condenser will be maintained;
s however, the return condensate will be diverted to the R-114
,.: reservoir. The bundle-simulation heaters will be run until the
::'3 R-114 level barely uncovers the heaters. The heaters will then be
‘ secured and the thermal insulation at the bottom of the evaporator
| E’ will be removed and a hot air gun will be used to evaporate the
}‘ remaining R-114 as observed through the glass ports in the
) evaporator. When all the R-114 has been e;raporated, the coolant
l:::§ flow to the condenser will be secured and the system be opened to
v the atmosphere.
; Care will be taken when changing condenser test tubes to
_.\_'j prevent contaminating the R-114 with the water and
10 ethylene-glycol mixture. After the lines connecting the coolant
supply and return lines have been removed, they will be capped to
prevént spilling the cooling mixture. The test tubes will then be
blewn out with air into a container. Each tube will then be plugged
?;:;-;:E to prevent any coolant still remaining to drip out.
e
2:::.
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2. Data Reduction

A

"-:é Data Reduction will be accomplished using the a similar
! ::i method as described in Section B.2 below.

.'::_*‘

{: B. SINGLE-TUBE APPARATUS
5 1. System Operation

B Following installation of a test tube, the operation of the
:; \ apparatus was started by evacuating the system to the saturation
R pressure of the R-113 in the boiller. This was indicated by observing
a«. the sudden generation of bubbles forming in the liquid. The
;:::- evacuation system was then secured. Cooling water to the auxiliary
f condenser and to the test tube was turned on and the heaters were
::E'.: then energized to a previously determined setting to achieve the
iu desired 2m/s vapor velocity. As soon_ as condensation was observed
.' . in the auxillary condenser, the evacuation system was operated
*‘\,, again to remove non-condensing gases. The test apparatus was
v‘fi brought to operating temperature and pressure by adjusting the
; cooling water flow through the auxiliary condenser. Steady-state
;'t;x conditions were assumed when the operating conditions were
: r stabilized with fluctuations of less than + 2 pV (i.e., £ 0.05 K) for the
o vapor thermocouple and + 0.005K for the cooling-water
§§ temperature-rise measurements. When steady-state conditions
e were reached, the cooling water flow rate through the test tube was

_ manually entered into the computer. All other required data were

N;‘-'_ gathered automatically by the data-acquisition system. Sample
o
Lo
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A data sets were taken initially to verify that no non-condensing gases
K ‘, were present. After taking each sample data set, the wvacuum

% systern was operated for about 60 seconds. Wnen no increase in

'ﬁ the calculated condensing heat-transfer coefficient was observed, it
o
},:; was assumed that all non-condensing gases had been removed. For
o

each tube, data were taken at cooling water flow rates of 20 percent
(1.16 m/s), 26, 35, 45, 54, 62, 70, 80 percent (4.4 m/s), and again at

E 20 percent. Two data sets were taken at each of these flow rates to
WS demonstrate repeatability. These cooling water flow rates were
:"\ selected to provide approximately even-spaced heat-flux wvalues.
’: After each change in cooling water flow rate through the tube, the
f systemn temperature and pressure experienced a slow drift, and the
flow rate to the éuxiliary condenser was adjusted to maintain the
’\ desired operating conditions. All data wefe taken in a band of 1955
+5uV (l.e., 48.0 £ 0.2 °C) on the vapor tempéfature thermocouple.

S 2. Data Reduction |

-;f - The program used for data reduction was the same as that
;; used by Mitrou [Ref. 14] and other previous investigators. This
:ﬁ program included property functions of the cooling water, calibration
;! - curves for the cooling water flowmeter and for the thermocouples,
e and calibration curves for the temperature rise due to frictional
, heating across the mixing chamber. Modifications were made to the
:.f program to include property functions of R-113 and ethylene glycol
.:1 on the vapor side. In addition, a new calibration run was
s

..

i
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performed for frictional heating (i.e., the temperature rise) across
the mixing chamber, and was included in the program.

The separation of individual thermal resistances (water-
side, wall and wvapor-side) properly from the overall thermal
resistance (1/UoA,) Is very important to obtain the condensing heat-
transfer coefficlent (h,). The condensing coefficient was based on
the smooth tube outside surface area (A,). The overall thermal
resistance is given by:

Goo = ki * At ade 4.0)
where

Rw = %Th‘%l , and ‘ (4.2)

Ay =7 Dy (L +Limy +Lom) . (4.3)

Further, the overall thermal resistance could be computed using the

following equations:
Q =m cp ATew = Up Ag LMTD - (4.49)

where
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Hes

" LMTD = _Tm:_'rd_ , (45)

R ,,,[.T.m;Tm

:i Tsat=T

) '

i The inside heat-transfer coefficient is given by a Sieder-Tate-type
N

0 equation:

. 0.14

X 1

;:0 hj = ¢ %ih Reo'8 l’l"‘3 [f::] =¢Q , (4.6)
2:.

R

4 where

22 .

AN ‘ 14

Q= 5bp08 p % [ﬂh]o . 4.7)

. Dy Hw- _

:: The inside heat-transfer coefficient was obtained using a modified
" Wilson plot method.

b a. Modified Wilson Plot

+.

h" A modified Wilson plot method was used to process all
:‘;;)- data. The Sieder-Tate-type equation (eqn. 4.6) was used for the
X A

-' inside heat-transfer coefficient. A Nusselt-type equation was used
: for the outside condensing coefficient as given by:

3 3 2 . v |

pots k¢ Pt gh“] *

‘s = = :

% he a[ ot Do AT aF , (4.8)
o,
AN where

he

W

o
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; F = [!ﬁeri&lltx]% , (4.9)
o Hf Do AT

Y Substituting h; (eqn. 4.6) and hy (eqn 4.8), into equation (4.1) and
0t rearranging, the following expression can be obtained:

LY L- ] = _AQ_F_ .1-
-1‘:: [UO Rwl| F C]QA] + x (410)
P This is a linear equation of the form:
Y=mX+Db , | (4.11)
where
s 1
ﬁ Y = [—-Rw] F , (4.12)
) Uo
"t')" | X= , (4.13)

and (4.19)

o i a=i (4.15)
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Equation 4.10 has two unknowns: a and C;. An iterative
: process was used to obtain values of these unknowns while fitting a
:; least-squares line to the data points. The initial values used to start
: the iterations were a = 2.5 and C; = 0.031. The iterative process was
repeated until the assumed and computed values of a and C; both
' agreed within £ 0.1 percent. ‘

After all data for the tubes were initially processed and
the calculated value of C; obtained, the average value of C; was
computed. This value was found to be 0.028 t 0.002. Since all
tubes had identical inner diameters, it is expected that the Sieder-

b Tate-type coefficient C; should be the same. Therefore, all data
were reprocessed using the average value of Cj.
b. Determination of Local Heat-Transfer Coefficient
The method for determining the local heat-transfer
coefficient was developed by Lester [Ref. 31]. The form of the local

enhancement ratio was assumed to be:

‘ @g=2 +tagd+azP+tazd’ (4.16)

[\

R

o where ¢ {s the angle measured from the top of the tube. Notice

that € can be based on constant AT or constant q .as defined in

\ Chapter V. During this study, € based on constant AT was used.

' This assumed form for the local enhancement ratio has four
unknown coefficients: aq, a3, a2, and as. Two of the unknowns can

- be formed by the boundary condition as shown below:

.
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ey
A %4 _0at¢=0 and, (4.17)
:;\:1 ! d¢
RS @g=0atd=mn . . (4.18)
-1
ey A third unknown can be found by the following condition:
"J'
o
& )
o T = 1
%= ofqd¢ : (4.19)
st
o
¥
Wi Notice that €x represents the experimentally measured enhancement
Ry ratio for the tube without any insulation.
Y
b When the upper portion of the tube is insulated, the
s experimentally measured enhancement ratio represents the value
oY for the lower, uninsulated portion of the tube. However, the
:'52' analysis requires that the average enhancement be expressed for the
[} e
')'- 3 upper portion (i.e., €. For this purpose, the following expression
A was used:
g
o,
¥ %= f [za -Zn-4 L“—;[ﬂ] (4.20)
o ~
{"- To compute the final unknown, a least-squares technique was
X performed as described by Lester [Ref. 31] by minimizing the errors
o
. ‘.\,0-:
A NS ¢|
5%
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0 between the computed and measured €$ values as shown below:

A

AP

K P LY ||' mn
LM N M P MR ) a?

min Z(% - €p)2

H
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4-_ where €p represents the value from the polynomial.
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V. RESULTS AND DISCUSSION

A. INTRODUCTION

Data were taken with extreme care as described in Chapter IV.
Initially, the data were taken on a few tubes on different days to
demonstrate repeatability. Since non-condensing gases were
removed effectively before collecting data and filmwise condensation
was the only possible mode with R-113, data were highly repeatable.
Notice that, as mentioned in Chapter II, Poole [Ref. 11], Georgiadis
[Ref. 12], and Mitrou [Ref. 14] had to perform a number of runs for
each tube to verify filmwise condensation as they used steam,
which tends to undergo partial dropwise condensation on copper
tubes in the presence of even a minute contamination. During the
present study, the condensing coefficient was repeatable within
about 3 percent on different days.

All of the data were taken with a nominal vapor velocity of 2
m/s, at a pressure slightly above-atmospheric (~ 765 mmHg), which
corresponds to a nominal saturation temperature of 48 °C. As
discussed in the next section, most of the tubes were tested without
an insert to enhance the water-side coefficient, while one series of
tubes were tested both with and without an insert. |

The vapor-si&e heat-transfer coefficients presented in this

chapter are based on the outside area of the corresponding smooth
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tube (Ao). Thus, the computed h, includes the area enhancement
and the fin efficiency.

B. EFFECT OF FIN DIMENSIONS ON CONDENSING HEAT-
TRANSFER PERFORMANCE

1. Inside Heat-Transfer Coefficient
The data presented in this section are for a series of 24
finned tubes and a smooth tube. All these tubes had identical inside
geometry and nearly identical flow conditions. ‘I‘herefqre, it was
expected that all of these tubes would result in nearly the same
inside heat-transfer coefficients or C; as defined by equation (4.14).

As discussed earlier in Chapter IV, data were taken using an
assumed value of 0.031 for C;. Immediately after completing a data

- run, these data were reprocessed to find a new, more reasonable Cj

using the modified Wilson plot as discussed i{n Section 4.2.a. The Cj
values thus computed produced an average value of 0.028 t 0.002.
Since the Cj value should be {dentical for all tubes, all the data were
reprocessed using a value of 0.028 for the Cj. |
During previous investigations with stearmn at the Naval
Postgraduate School [Ref. 11, 12, 13, and 14], data were taken with
an insert installed in the test tube to enhance the inside coefficient.
This was necessary due to the high outside heat-transfer coefficient
when condensing steam. For example, for tube F06,- the vapor-side
condensing coefficlent was approximately 40 kw/mz-K, whereas

when condensing R-113 the vapor-side coefficient was
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approximately 6 kw/mK. Figure 5.1 shows the effect of
water-side enhancement on the condensing heat-transfer
coefficient for R-113. Data were taken on a set of tubes with a fin
height of 1.0 mm and a fin thickness of 1.0 mm both with an insert
to enhance the inside coefficient and without an insert. As can be
seen, the agreement between the two sets of data is very good.
Since a wider range of AT was achieved without the insert installed,
it was decided that all further data would be taken without the
insert.

For comparison purposes, data for the smooth tube as well
as a curve representing the Nusseit theory are also plotted on this
figure. Notice that the data for the smooth tube lie about 10%
higher than the Nusselt curve. This is attributed to the moderate
vapor velocity (2 m/s) used during the experiment.

2. Yapor-Side Heat-Transfer Performance

The figures presented in this section showing the variation
of the vapor-side coefficient with the temperature drop across the
condensate film are provided with curves representing least-squares
fits based on the following equations:

ar = ag AT (finned tube), (5.1)
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Figure 5.1 Effect of Water-Side Enhancement on Condensing Heat-
Transfer Coefficient.
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and
_ 0.75
Qs = as AT, (smooth tube) . (5.2)

Even though slightly better least-squares fits were possible
by allowing the exponent of AT (i.e., 0.75) to be a variable, as it
will be discussed later in this section, an exponent value of 0.75 is
highly desirable in presenting the data in a compact form.

Figure 5.2 shows the variation of the condensing heat-
transfer coefficient with the temperature drop across the condensate
fiilm for a series of tubes with a fin height and thickness of 1.0 mm
and for fin spacings of 0.25, 0.5, 1.0, 1.5, 2.0, and 4.0 mm. This
figure also shows computed typical uncertainties associated with the
vapor-side coefficient. The procedure for calculating the
uncertainties are discussed in Appendix B. Notice that, while the
typical uncertainties for ho are around t 7 percent, data were
repeatable within £ 3 percent. As can be seen, the vapor-side
coefficient increases with decreasing fin spacing up to a value of 0.5
mm. This is, of course, due to the considerable fin area increase
associated with decreasing fin spacing. However, the tube with fin
spacing of 0.25 mm (tube D02, see Table 5.1) shows a slightly poorer
heat-transfer performance than the tube with a 0.5 mm fin spacing
(tube F04). This is attributed to increased flooding of the lower
portion of the tube. Notice that equation (2.5) predicts condensate
retention angles of 77 degrees and 52 degrees for tubes with fin
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Figure 5.2 Effect of Fin Spacing on Vapor-Side Coefficient for Tubes
with Fin Height of 1.0 mm and Fin Thickness of 1.0 mm.
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"*.ﬁ TABI—E 5-1
ENHANCEMENT RATIOS OF TUBES TESTED
148
J;::‘,
Ry Tube Fin Fin Fin Area Enhancement
oy No. Height Thickness Spacing Ratio Ratios
, e(mm) t(mm) s(mm) AyA, €AT €q
.. So01 - - - 1.00 1.00 1.00
.‘l
KR D02 1.0 1.0 0.25 2.77 4.37 7.15
.' FO4 0.5 2.47 5.28 9.19
sy F05 1.0 2.10 4.49 7.40
i F06 1.5 1.88 4.50 7.43
s Fo?7 2.0 1.74 3.70 5.73
:;:::, Fo8 4.0 1.44 2.76 2.84
o F10 1.0 0.75 0.5 2.25 6.10 11.15
o F11 1.0 1.97 6.08 11.09
i F12 1.5 1.97 4.90 8.32
N F13 2.0 1.79 4.85 8.21
ood DO1 1.0 0.5 0.25 3.88 6.96 13.30
o F15 0.5 3.16 6.67 12.55
e Fi6 1.0 2.44 5.23 9.07
o F17 1.5 2.08 4.71 7.90
o F18 2.0 1.86 4.21 6.79
J
it F22 2.0 1.0 1.0 3.31 5.95 10.72
A F23 1.5 2.85 5.78 10.36
:"!5' F24 2.0 2.54 5.22 9.05
Wt
A F26 0.5 1.0 1.0 1.54 3.47 5.26
o F27 1.5 1.43 3.21 8.79
v F28 2.0 1.36 2.93 7.72
ﬁ F30 1.5 1.0 1.0 2.70 5.25 9.13
b {a! F31 1.5 2.36 5.11 8.79
e F32 2.0 2.13 4.63 7.72
e
g <.
W
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] spacings of 0.25 mm and 0.5 mm, respectively, for a tube with a fin
¢ *'

N height of 1.0 mm.

Ny

Figure 5.3 shows data similar to Figure 5.2 but for a series

5 of tubes having a fin height of 1.0 mm, a fin thickness of 0.75 mm,
E:'l and fin spacings of 0.5, 1.0, 1.5, and 2.0 mm. As can be seen, the
a * tube with a fin spacing of 0.5 mm shows the best performance.

"' Figure 5.4 shows similar data for finned tubes having a fin
;_ height of 1.0 mm, a fin thickness of 0.5 mm, and fin spacings of
' 0.25, 6.5, 1.0, 1.5, and 2.0 mm. Unlike in the first set of tubes, the
_.l;j tube with a fin spacing of 0.25 mm shows a similar heat-transfer
?-: performance to the tube with a 0.5 mm spacing. The effect of fin
. thickness on the heat-transfer performance will be discussed later in
;’ this section.

.:Z‘ Similar data are shown in Figure 5.5 for a set of tubes
' having a fin thickness of 1.0 mm, a fin height. of of 2.0 mm, and fin
‘?: spacings of 1.0, 1.5, and 2.0.! The tube with a fin spacing of 1.0
' mm shows the best heat-transfer performance, as it provides the
largest area enhancement in this set of tubes. Figures 5.6 and 5.7
J:,'; show similar data for fin heights of 0.'5 mm and 1.5 mm,
- respectively. Notice that, once again, the tubes with a fin spacing
S of 1.0 mm show the best performance in each of these sets of tubes.
~f

-j.'_ INotice that these tubes were originally manufactured for testing with
steam, which has an optimum fin spacing of 1.5 mm as reported by
:;';: Georgiadis [Ref. 12]; thus, a tube of 0.5 mm fin spacing had not been
7. manufactured for these tube sets.
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Figure 5.3 Effect of Fin Spacing on Vapor-Side Coefficient for Tubes

with Fin Height of 1.0 mm and Fin Thickness of
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The data presented in Figures 5.2, 5.5, 5.6, and 5.7 are
I replotted in Figure 5.8 on a different basts showing the fin height as
‘.o_“*,c a parameter. Notice that the ordinate represents the wvapor-side
_; n enhancement ratio based on constant temperature drop across the
condensate film (eaT) as defined below.

o By definition,

‘¥

M qs = he AT, (5.3)
Siigts and

Qs = he AT; . (54)

K From these equations:

he = af ATs 020 (5.5)

y and

g he = ag ATs 0'2° (5.6)

e : 0.25 '
e =Dt _ EL[M&] - (5.7)

f:’.. = €AT he - asg ATf
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0‘.'!:
= Thus, as proposed by Masuda and Rose [Ref. 15], for constant
:’:: temperature drop across the condensate film (i.e., ATs = AT,),

, a
ear =5 5.8)
S S
IRTY
L
T

’ On the other hand, for constant heat-flux conditions (i.e., qf = qs),
v
s
_l
!‘:' .‘ ht AT( = he ATs (59)
_he _ AT
* €q = hs = ATy (5.10)
NN

", ATQ - [?J’_ 4/3
k0

. J!‘

>

From equations (5.1) and (5.2),

”?H s eqa [9‘2]4/3' | (5.12)

a
e s eqmear?® (5.13)

T According to Figure 5.8, for a given fin spacing, the
performance increases monotonically with lnéreaslng fin height.

. Figure 5.9 shows a cross-plot of Figure 5.8, together with the area
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Figure 5.9 Effect of Fin Height on Vapor-Side Enhancement Ratio.
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ratio and Beatty and Katz correlation [Ref. 7], for a fin spacing of
‘ 1.0 mm. Notice that when the fin height increases from 0.5 mm to
1.0 mm, the enhancement ratio increases by 29 percent and the
area ratio increases by 37 percent. However, when the fin height is
increased from 1.0 mm to 2.0 mm, the enhancement increases by
only 33 percent, while the area ratio increases by 58 percent.
Figure 5.10 shows the variation of vapor-side enhancement
ratio with the fin thickness as a parameter. As can be seen, for a
given fin spacing, thé tubes with a fin thickness of 1.0 mm show
performance poorer than the tubes with smaller fin thicknesses.
This observation can be easily explained by the decreasing area
ratio with increasing fin thickness. However, a clear trend is not
seen when comparing the performance of tubes with fin thicknesses
of 0.5 mm and 0.75 mm. For example, for tubes with a fin spacing
of 0.5 mm, the tubes with a fin thickness of-0:5 mm results in
) better performance than the tube with a fin thickness of 0.75 mm,
Y which can be explained by the area ratio. On the other hand, for
' tubes with a spacing of 1.0 mm or more, the tubes with a fin
D thickness of 0.75 mm outperform the tubes with a fin thickness of
N 0.5 mm.

Notice that while the tube with a fin spacing of 0.25 mm
outperforms the tube with a fin spacing of 0.5 mm {n the set of
tubes with a ﬁh thickness of 0.5 mm, the trend is reversed in the
set of tubes with a fin thickness of 1.0 mm. This observation may
be explained by considering the condensatz being fed by the fin tips
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to the fin sides. Notice that as the fin thickness increases, the
N amount of condensate fed to the fin sides increases, thereby
increasing the condensate film thickness on the sides. Thus, the
heat-transfer performance decreases with increasing fin thickness
while all other dimensions are held constant for small fin spacings.
3. Comparison of R-113 Data with Steam Data
Figures 5.11 through 5.16 present a direct comparison of

vapor-side enhancement with steam data [Ref. 12, 13] for the six
sets of tubes discussed in Section C above. Also, for comparison
purposes, curves representing the area ratio (A¢/As) and the Beatty
, and Katz correlation [Ref. 7] (n¢ = 1.0) are shown on these figures.
These figures show that, for any given tube, the
enhancements for R-113 are always greater than that for steam.
K This is a direct result of significantly different surface tension values
. for these two fluids. Notice that water has surface tension values of
0.068 N/m at 48 °C (i.e., at a saturation pressure of 85 mmHg) and
A 0.059 N/m at 100 °C (i.e., at atmospheric pressure), while R-113 has
a surface tension of 0.015 N/m at 48 °C. As listed in Table 5.2, the
computed condensate retention angles are much lower for the case
with R-113 than with steam. Since the heat-transfer performance
through the flooded region is poorer than through the unflooded
region, heat-transfer performance suffers significantly more when
condensing steam than when condensing R-113.
F Steam data show an optimum fin spacing of 1.5 mm

(except Figure 5.16 which shows that the tube with a fin spacing of
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R-113 (P s Atmospheric)
Steam (P s 85 mmHg)

Steam (P s Atmospheric)

t— AREA RATIO (A,/A,)
3
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o
| 2
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Ll

FIN SPACING (mm)

Figure 5.11 Comparison of R-113 Data with Steam Data [Ref. 12]
and Beatty and Katz Correlation [Ref. 7] for Tubes with
. Fin Height of 1.0 mm and Fin Thickness of 1.0 mm.
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ks

ol Figure 5.13 Comparison of R-113 Data with Steam Data [Ref. 12]
- and Beatty and Katz Correlation [Ref. 7] for Tubes with
s Fin Height of 1.0 mm and Fin Thickness of 0.5 mm.
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Figure 5.14 Comparison of R-113 Data with Steam Data [Ref. 12]
and Beatty and Katz Correlation [Ref. 7] for Tubes with
Fin Height of 2.0 mm and Fin Thickness of 1.0 mm.
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Figure 5.15 Comparison of R-113 Data with Steam Data [Ref. 13]
and Beatty and Katz Correlation [Ref. 7] for Tubes with
Fin Height of 0.5 mm and Fin Thickness of 1.0 mm.
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% Figure 5.16 Comparison of R-113 Data with Steam Data [Ref. 13]
—_ and Beatty and Katz Correlation [Ref. 7] for Tubes with
‘§‘ ‘ Fin Height of 1.5 mm and Fin Thickness of 1.0 mm.
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TABLE 5.2
COMPUTED CONDENSATE RETENTION ANGLES FOR TUBES TESTED

Tube Fin Fin Fin Condensate Retention Angle
No. Height Thickness Spacing Steam Steam R-113

e (mm) t(mm) s (mm) (85 mmHg) (Atm.) (Atm.)

S01 - - - - - -
D02 1.0 1.0 0.25 180 180 77
Fo4 0.5 180 180 52
F05 1.0 109 101 36
F06 15 84 78 29
Fo7 2.0 70 66 25
Fo8 4.0 48 45 18
F10 1.0 0.75 0.5 180 180 52
Fi1 1.0 109 101 36
F12 15 84 78 29
F13 2.0 70 66 25
D1 1.0 0.5 0.25 180 180 77
F15 0.5 180 180 52
F16 1.0 109 - 101 36
F17 1.5 84 78 29
F18 2.0 70 66 18
F22 2.0 1.0 1.0 103 9% 34
F23 1.5 79 74 28
F24 2.0 67 63 24
F26 0.5 1.0 1.0 113 105 37
F27 1.5 86 81 30
F28 2.0 72 68 26
F30 1.5 1.0 1.0 106 98 35
F31 1.5 81 76 29

o F32 2.0 69 64 25
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2.0 mm slightly outperforms the tube with a fin spacing of 1.5
; mm). However, R-113 data show an optimum fin spacing of less

than 0.5 mm. Figure 5.11 shows that the performance of the tube
S with a fin spacing of 0.25 mm is less than that of the tube with a

‘5, ‘ spacing of 0.5 mm. On the other hand, Figure 5.13 shows that the
| | tube with a fin spacing of 0.25 mm slightly outperforms the tube
;E with a fin spacing of 0.5 mum. This suggests that the optimum fin
" spacing may actually lie between 0.25 mm and 0.5 mm.

It is evident that the optimum fin spacing decreases and
the optimum enhancement ratio increases with decreasing surface
tension of the condensate. It appears that this phenomenon fs
controlled by the extent of flooding.

R C. INDIRECT MEASUREMENT OF THE LOCAL AND AVERAGE

R HEAT-TRANSFER PERFORMANCE

g 1. Inside Heat-Transfer Coefficient

% In contrast to the discussion provided in Section B.1 above
‘ for the case where the inside conditions were unchanged, the inside
:','. geometry varied with the extent of the internal insulation during
“,t the testing performed for this sectioh. As shown in Figure 3.9, the
s internal insulation was held in place by a T-shaped device. Since
2‘ only a portion of the circumterence actually allowed heat transfer,
-‘3 the Sieder-Tate-type coefficlent must vary with the angle of
‘_ insulation.

g0 ) Figure 5.17 shows the variation of C; (based on the total
; inside area) with the half-angle of insulation. Also shown fs the
‘g 101
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2 " modified value (i.e., Ciym) obtained by correcting for the actual area
of heat transfer. That fs:

:‘ug . Cim = Ci %Q . (5.14)

L)

5

“"‘ Notice that for both tubes (tube F04 and Fi5), C; and Ciym show
;E§§ similar trends. The presence of an unheated portion of the tube
‘i:;’::_l allows heat to be convected away from the heated portion across the
\ . tube cross-section. This turbulent convection decreases the
apparent bulk mixture temperature within the heated portion, and
a3 the heat-transfer performance will be enhanced, as shown by the
. trend for Cim. While this argument provides a qualitative
.:"3 explanation for the experimental measurements, any quantitative
' ' explanation is beyond the scope of this investigation.

o 2. Indirect Measurement of Vapor-Side Heat-Transfer
E::;:t Figure 5.18 shows the variation of the vapor-side
»‘,"“. coefficient for tube No. F04 with the vapor-side temperature drop
3::'.{ having the half angle of insulation as a parameter. Notice that the
';3:; vapor-side coefficient which represents the average value for the
o uninsulated lower portion of the tube is computed based upon the
f'?:': total area of the corresponding smooth tube. Figure 5.19 shows
"’ similar data for tube No. F15. Using the analysis procedures of
R Lester [Ref. 30] (see Section 4.B.2.b), the average and local
?‘. enhancement ratios were computed and are plotted in Figures 5.20
0
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and 5.21 for tube F04 and F15 respectively. As can be seen, the
local enhancement ratio at the top of the tube is approximately
twice the average value for the entire tube

Notice that Figure 5.21 shows negative values for the iocal
enhancement ratio for ¢ > 150° indicative of experimental
uncertainties and the possible choice of an inappropriate form
(third-order polynomial) to express the local enhancement ratio.
For example, an improved representation might be possible by using
a different form for the local enhancement ratio such as cosine
functions. A more realistic form may also be guided by theoretical
considerations. Foe example, an inflection point may be allowed at
the computed condensate retention angle (i.e., " =0 at ¢ = 1 - §)
since the local heat-transfer coefficient is expected to undergo a

significant variation at the flooding point.

D. VISUAL OBSERVATIONS

During the operation of the single-tube apparatus,
photographs were taken of tubes F15 (fin height of 1.0 mm and fin
spacing of 0.5 mm) and F08 (fin height of 1.0 mm and fin spacing of
40 mm). At all heat fluxes, tube F04 showed columns of

condensate always forming at the fins. As cén be seen in Figure

5.22, at low heat fluxes the columns of condensate were unsteady |

and broke off. At high heat fluxes, the columns became steady and

continuous as seen in Figure 5.23.
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' Figure 5.21 Variation of Third-Order-Polynomial-Based Local and
Average Enhancement Ratios for Tube F1i5.
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ograph of Tube F08 Under High Heat Flux.

Figure 5.23 Phot
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Figures 5.24 and 5.25 show tube F15 at low and high heat
fluxes, respectively. As the heat flux increased, the distance

Lot

between the columns decreased. At low heat fluxes the flow was

x - nearly always steady, but an occasional perturbation could be seen.
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- Figure 5.24 Photograph of Tube F15 Under Low Heat Flux.
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Figure 5 é5~' l;ho.t.og.x;aph of Tube F15 Under High Heat Flux.
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A.

VI. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

An apparatus has been designed and fabricated for testing of
a S5-tube bundle with R-114 as the working fluid.

The data taken on tubes with rectangular-section fins show
an optimum fin spacing of 0.25 mm to 0.5 mm for R-113 in
contrast to a value of 1.5 mm for steam [Ref. 12].

Among the tubes with a2 1.0 mm fin height, the tube with a
fin spacing of 0.25mm and a fin thickness of 0.5 mm
outperformed the other tubes and showed a vapor-side
enhancement ratio (eat) of about 7.0. Thus, the optimum
fin thickness appears to be 0.5mm or less for R-113
compared to around 0.75 mm to 1.0 mm for steam [Ref. 12].

The vapor-side enhancement ratio increased with the f{in
height. However, the rate of increase in €AT decreased with
increasing fin height as also observed for steam [Ref. 13].

For tubes with fin spacings of 1.0 mm or more, the Beatty
and Katz correlation [Ref. 7] showed agreement within + 10
percent with R-113 data. However, for smaller fin spacings,
this correlation overpredicted the data owing to the presence
of condensate retention.

The indirect measurement of local condensing heat-transfer
coefficient revealed a local value at the top of the tube that
is approximately twice the average value for the entire tube.

RECOMMENDATIONS

Complete the installation and the instrumentation of the
bundle test apparatus.
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2. Test commercially available enhanced condensing surfaces,
such as finned tubes, wire-wrapped tubes, and roped tubes
in an attempt to obtain the best-performing tube geometry.

3. Manufacture new tubes for the single-tube test apparatus
N with smaller fin spacings in order to more precisely
. determine the optimum fin spacing for R-113.

4. Operate the single~-tube to apparatus with ethylene-glycol
as the working fluid to gather a systematic set of data to
et supplement data for R-113 and steam.

NP

P 5. Continue taking data to determine the local vapor-side

s enhancement. Use other functions, such as cosine functions,
‘ to determine if a better representation can be found.
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B APPENDIX A
X LISTING OF RAW DATA

oy This appendix contains the raw data ior R-113 presented in
this investigation. .
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File Name:
Pressure Condition:
Vapor Velocity:

Data

a
»

ONONLDLWN =V ANUIDWN —

Vuw

(m/s)

1.16
1.16
1.49
1.49

.97
1 97
2.51

o o
OU"
O -

=B LWWWWWWNT
L] [ L ]
»
w

File Name:
Pressure Condition:
Vapor Velocity:

Data

a
”

ONOUNLWN—=2OVONNUNDWN —

—l el D el D end el mul -

o
w

Vuw

(m/s)

L]
MO W L oy~ —
—_ NNV

.40

-
(s p¥op X el

Tin
(C)

21.84
21.84
21.65
21.63
21.44
21.44
21.31
21.31
21.23
21.23
21.17
21.18
21.13
21.13

21.09 .

21.09
21.81

21.82

Tin
(C)

22.15
22.15
21.95
21.94
21.74
21.74
21.61
21.61
21.52
21.52
21 .46
21.46
21.41
21.41
21.37
21.37
22.11
22.11
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S01A27

Atmospheric

2.0 (m/s)
Tout Ts

(C) (C)

22.17 47 .97
22.16 47 .90
21.91 47 .89
21.90 47 .92
21.65 47,96
21.65 47 .96
21.48 47,98
21.48 48.01
21.38 48.03
21.38 48.03
21.30 48.01
21.30 47 .99
21.25 48.00
21.25 47 .97
21.19 48.01
21.19 47,97
22.15 48.00
22.15 47 .94

F04A21

Atmospheric

2.0 (m/s)
Tout Ts

(C) (C)

23.08 47 .92
23.09 47 .97
22.77 48.00
22.76 48.03
22.43 48.05
22.43 48.04
22.20 48,04
22.20 48.03
22.05 . 47.86
22.04 47 .96
21.94 47 .88
21.94 47 .90
21.85 48.01
21.85 47 .96
21.76 48.0S
21.76 48.05
23.05 47 .90
23.05 47 .89




B
o
st File Name: FOS5A09
Pressure Condition: Atmospheric
= Vapor Velocity: 2.0 (m/s)
oy Data Vuw Tin Tout Ts
iﬁ? ” (m/s) (C) (C) (C)
1 1.16  21.97 22.86 48.00
o 3 1.49 21.96 22.73 48.00
S 4 1.49 21.99 22.76 48.08
R 5 1.97 21,95 22.58 48.01
” 6 1.97 21.96 22.60 47 .97
e 7 2.51 21. 9N 22.44 47 .88
Q# 9 3.00 21.89 22.36 47 .81
R 1 3.43 21.88 22.29 47.90
12 3.43 21.88 22.30 47.83
e 13 3.86 21.88 22.26 47 .94
%K 14 3.86 21.88 22.26 47 .96
A 15 4,40 21.86 22.20 47 .89
:::3" 16 4040 21 087 22021 47.96
il 17 1.16 22.66 23.54 47 .93
18 1.16  22.67 23.54 47 .87
o -
el File Name: FOB6AT1
ni! Pressure Condition: Atmospheric
Al Vapor Velocity: 2.0 (m/s)
i Data Vuw Tin Tout Ts
%. s (m/s) (C) (C) (C)
1 )
:ﬂ- 1 1.16 22.59 23.47 48.02
04 2 1.16  22.53 23.46 '48.07
) 3 1.48 22.35 23.10 47 .97
o 4 .48 22.34 23.08 47 .93
Wi S 1.97 22.11 22.74 47 .87
e 6 1.97 22.11 22.74  47.85
i 7 2.51  21.96 22.49  47.92
. 8 2.51 21.95 22.48 47 .91
e 9 3.00 21.85 22.32 47.92
;va 10 3.00 21.85 22.32 47 .86
'y 12 3.43 21.78 22.20 47.95
N 13 3.86 21.72 22.10 47 .91
14 3.86 21.72 22.10 47 .85
N 15 4,40 21.66 22.00 47 .92
3 16 4.40 21.66 22.00  47.95
Ll 17 1.16 22.40 23.27 47.90
{%. 18 1.16  22.40 23.27 47 .95
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File Name:

FO7A

13

Pressure Condition: Atmospheric
Vapor Velocity:

Data Vuw
s (m/s)

1.16
1.16
1.4S
1.49
1.97
1.97
.51
.51
.00
.00
.43
.43
l86
.86
.40
.40
.16
.16

—t o e ek b d b d b
ONONBWON s OVLONDNUNDWN —
== BB WWWWWWNIN

File Name:

Tin
(C)

21,
21.
21,
21.
21.
21.
21.
21.
21,
21.
21,
21.
21,
21.
21.
21.
21,
21.

94
94
74
74
55
55
43
43
35
35
31
31
27
27
23
23
97
98

Pressure Condition:
Vapor VYelocity:

Data Vuw
’ (m/s)

.16
.16
.48
.48
.97
.97
.51
051
.33
.99
.43
.43
.86
.86
.40
.40
.16
.16

ONONBWN—=OQLWO~NANNDWN —

S ks D ol S ol el i ——b

Tin
(C)

22.
.54
.34
.34
22.
22.
22.
22.
.96
.96
.91
.91
087
.87
.84
.84
.60

22
22
22

21
21
21
21
21
21
21
21
22

22.

54

16
16
03
03

60

119

2.0 (m/s)

Tout Ts
(C) (C)
22.73 47 .80
22.74 47 .85
22.42 47 .84
22.42 47.83
22.12 47 .89
22.12 47 .89
21.90 47 .95
21.90 47.93
21.77 47 .93
21.77 47 .91
21.68 47 .91
21.68 47 .83
21.61 47 .89
21.61 47 .87
21.53 47 .83
21.54 47 .86
22.78 48.04
22.78 48.09

FO8A1S
Atmospheric
2.0 (m/s)

Tout Ts
(C) (C)
23.20 47 .96
23.21 47 .91
22.91 47 .86
22.91 47 .83
22.62 47 .95
22.62 48.00
22.41 48.04
22.41 48.07
22.29 48.01
22.29 48.01
22.21 47 .9
22.21 47 .91
22.14 47,87
22.14 47 .85
22.07 47 .82
22.07 7.83
23.27 47 .98
23.27 47.98

™
R N B

“w
.'

' ) |'.
.- ..'l‘u't.

A N v
B 0‘-'0 o .|‘i!o.

%) 'ﬂ¢’ﬂ

.,c"tkl

o)
[ X

AR St
A ot )
."’I .l'.. N "




AN
‘;@};{,'0:
R File Name: F10Aa17
N Pressure Condition: Atmospheric
L Vapor Velocity: 2.0 (m/s)
I Data Vu Tin Tout Ts
Tt # (m/s) (C) (C) (C)
. 1 1.16 22.81 23.78  47.92
s 2 1.16 22.81 23.79  47.94
s 3 1.48 22.62 23.47  47.86
o 4 1.48 22.61 23.47  47.86
P:‘i" 5 1097 22043 23016 47087
" 6 1.97 22.43 23.16  47.91
s 7 2.51 22.30 22.93  47.96
X 8 2.51 22.30 22,93  47.98
0 9 2.99 22.23 22.79  47.96
e 10 2.99 22.22 22.79 47.95
i 11 3.43 22.17 22.68  47.93
12 3.43 22.18 22.69  47.93
e 13 3.86 22.13 22.60  47.87
A 14 3.86 22.13 22.60  47.84
N 15 4.40 22.09 22.51  47.83
o 16 4,40 22.09 22.51  47.83
R 17 1.16 22.83 23.82  48.03
18 1.16 22.84 23.81 47.96
W
e
Ak File Name: F11A23
tty Pressure Condition: Atmospheric
i Vapor Velocity: 2.0 (m/s)
f‘f Data Vuw Tin Tout Ts
§ : P (m/s) (C) (C) (C)
I‘ ]
B 1 1.16  21.79 22.71  47.84
) 2 1.16  21.73 22.71 47.91
B 3 1.49 21.59 22.39  47.84
A 4 1.49 21.59 22.39  47.85
o 5 1.97 21.39 22.06 - 47.87
o 6 1.97 21.33 22.06  47.90
By 7 2.51 21.26 21.83  47.93
8 2.51 21.26 21.83  47.96
Y 9 3.00 21.18 21.69  47.91
,§§ 10 3.00 21.18 21.68  47.96
%_ 11 3.43 21.12 21.57  47.90
Rl 12 3.43 21.12 21.58  47.86-
R 13 3.86 21.08 21.49  47.93
_ 14 3.86 21.08 21.43  47.90
by 15 4.40 21.04 21.41 47.97
e 16 4.40 21.04 21.41 47.92
o 17 1.16  21.75 22.63  48.03
R 18 1.16 21,77 22.70  48.01
N
e 120




File Name:

F12A20

Pressure Condition: Atmospheric
Vapor Velocity:

Data

a
#

ONONBEWN—=OCOWRNNUTRWN —

et e B s R e X

File Name:

= 2D DpOOLELLOOVINNLOLE D — —
NONCONNWWOO—=a~I~NNOOOO

*

=2 EBELDPWWWWWWNN— = —

Tin

(C)

22.48
22.48
22.25
22.25
22.05
22.05
21.91
21.91
21.82
21.82
21.75
21.75
21.68
21.63
21.64
21.64
22.38
22.38

Pressure Condition:
Vapor Velocity:

Da
#

ONANAUNDHWN—=OOCOOIDNLDWN —

— ol D amd D el = sl b

L] * L . L]

a0 LDOOUVITNWWES I>——
OO OMNWWOO—==~NN~NVLLOHON

e e & 8 ® e & o o

= B HWWWWWWNN =~ = = et~ e

L] '} - *

Tin
(C)

21.82
21.82
21.60
21.60
21.40
21.40
21.27
21.26
21.18
21.18
21.12
21.12
21.08
21.07
21.03
21.03
21.76
21.76

2.0

Tout
(C)

23.39
23.38
23.04
23.03
22.71
22.71
22.47
22.47
22.32
22.31
22.20
22.20

22.10
22.00
22.00
23.28
23.28

F13A22
Atmospheric
2.0 (m/s)

Tout
(C)

22.66
22.66
22.33
22.32
22.00
22.00
21.77
21.77
21.63
21.63
21.52
21.52
21.44
21.44
21.35
21.35
22.60
22.61

(m/s)

Ts
(C)

47.87
47.83
47.33
47.93
47.92
47.92
48.00
48.04
48.05
48.02
48.00
48.05
47.98
47 .94
47.88
47.84
47 .97
47 .96

(C)

47.95
47 .95
47.90
47 .91
47.93
47.87
47.89
47 .94
47 .34
47.82
47.86
47 .85
47.90
47.85
47 .81
47.88
48.05
47.39




n

. File Name: F15A24
e Pressure Condition: Atmospheric
oy Vapor Velocity: 2.0 (m/s)
s“:V:.‘
e Data Vu Tin Tout Ts
Y P (m/s) (c) (C) (C)
iy 1 1.16 21.81 22.85 47 .81
o 2 1.16 21.81 22.85  47.82
i 3 1.49 21.60 22.51 47.80
ek 4 1.49 21.60 22.51 47.89
& 5 1.97 21.42 22.20 47.93

) 6 1.97 21.41 22.19 47.94
iy 7 2.51 21.29 21.96 47,92
ke 8 2.51 21.29 21.96 47.85
M, 9 3.00 21,21 21.81 47.83
i 10 3.00 21.21 21.81 47.90
S 1 3.43 21.15 21.71 47 .97
e 12 3.43 21.16 21.71 47.94
o:.i't..‘ 13 3086 21011 21062 48-01
e 14 3.86 21.11  21.62 48,00
448 15 4,40 21,07 21.52 47 .9S
K 16 4,40 21.06 21.52 48.01
-~ 17 1.16  21.80 22.85 48.04
},} 18 t.16 21.81 22.85 47.97
}‘_.'ﬂ
oo File Name: F16A25
QA Pressure Condition: Atmospheric

; Vapor Velocity: 2.0 (m/s)
yé% Data Vuw Tin Tout Ts
2o 4 (m/s) (C) (C) (C)
b 1 .16 21.84 22.79  47.87
J 2 1.16  21.84 22.79 47.87
W 3 1.49 21.63 22.45 47,83
Q$ﬁ 4 1.49 21.62 22.45 47.89
s S 1.97 21.43 .22.13 47.83
e 6 1.97 21.43 22.13 47.93
LR 7 2,51  21.30 21.89 47 .9
" 8 2.5t 21,30 21.89 47 .91
e 9 3.00 21,22 21.75 47,96
é&: 10 3.00 21.22 21.74 47,92
! 11 3.43 21.17 21.64 47 . N
el 12 3.43 21.17 21.64  47.95
= 13 3.86 21.13 21.56 47.93
o 14 3.86 21.13 21.56 47.90
b} 15 4,40 21,08 21.47 47 .93
sl 16 4,40 21.08 21.47 47 .95
s 17 1.16 21.83 22.78 48,06
"::'l. 18 1 016 21 084 22079 48'05
_’!‘;:'
e 122
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File Name: F17R28
Pressure Condition: Atmospheric

; Vapor Velocity: 2.0 (m/s)
3y Data Vu Tin Tout Ts
% & (m/s) (C) (C) (C)
: 1 1.16 21.76 22.67 47 .88
K 2 1.16 21.76 22.67 47 .88
o 3 1.49 21.57 22.35 47 .87
o 4 1.49 21.57 22.35 47 .84
i S 1.97 21.38 22.04 47.89
6 1.97 21.38 22.04 47 .88
: 7 2.51 21.26 21.82 47 .91
3 8 2.51 21.26 21.82 47 .88
o 9 3.00 21.18 21.67 47 .93
! 10 3.00 21.18 21.67 47 .92
11 3.43 21.13 21.57 47 .91
12 3.43 21.13 21.58 47 .91
i 13 3.86 21.08 21.49 47 .95
3 14 3.86 21.09 21.49 47 .98
B, 15 4.40 21.05 21.41 47 .99
; 16 4,40 21.05 21.41 47.99
) 17 1.16 21.78 22.70 47 .98
p 18 1.16 21.78 22.70 48.00
i
File Name: . F18A29
Pressure Condition: Atmospheric
Vapor Velocity: 2.0 (m/s)
A
& " Data Vuw Tin Tout Ts
! P (m/s) (C) ) (C)
. 1 1.16 21.85 22.71 47 .88
2 1.16 21.85 22.71 47.92
. 3 1.49 21.64 22.38 47 .94
4 1.49 21.64 22.38 47 .94
p S 1.97 21.46 22.07 47 .90
f 6 1.97 21.46 22.07 47 .89
u 7 2.51 21.34 21.85 47 .88
8 2.51 21.34 21.85 47 .87
9 3.00 21.26 21.72 47 .94
10 3.00 21.26 21.72 48.00
‘ 11 3.43 21.21 21.62 48,02
, 12 3.43 21.21 21.62 48.01 .
13 3.86 21.16 21.53 48.06
14 3.86 21.16 21.53 48.03
. 15 4,40 21.12 21.45 47 .92
9 16 4,40 21.11 21.45 48.00
k< 17 1.16 21.84 22.70 47 .87
- 18 1.16 21.84 22.70 47 .89 |
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File Name: F22A30
Pressure Condition: Atmospheric
Vapor Velocity: 2.0 (m/s)
Data Vuw Tin Tout Ts
” (m/s) (C) (C) (C)
1 1.16 21.97 22.97 47 .86
2 1.16 21.98 22.97 47 .85
3 1.49 21.77 22.64 47 .91
4 1.49 21.77 22.64 47.93
S 1.97 21.60 22.33 47 .89
6 1.97 21.59 22.33 47 .86
7 2.51 21.47 22.10  47.88
8 2.51 21.47 22.10 47 .94
9 3.00 21.40 21.96 47 .85
10 3.00 2140 21.96 47 .86
1 3.43 21.34 21.85 48.01
12 3.43 21.34 21.85 48.03
13 3.86 21.31 21.78 47 .94
14 3.86 21.31 21.78 47 .98
15 4,40 21.27 21.68 47 .95
16 4.40 21.27 21.69 47 .92
17 1.16 21.99 22.99 48,00
File Name: F23A31
Pressure Condition: Atmospheric
Vapor Velocity: 2.0 (m/s)
Data Vuw Tin Tout Ts
) (m/s) (C) (c) (C)
1 1.16 22.13 23.11 47 .96
2 1.16 22.13 23.11 48.00
3 1.49 21,93 22.79 47 .88
4 1.49 21.92 22.78 47 .94
S 1.97 21.75  22.47 47 .90
6 1.97 21.75 22.47 47 .91
7 2.51 21.62 22.24 47 .85
8 2.51 21.62 22.24 47.8S
9 3.00 21.55 22.10 47 .93
10 3.00 21.55 22.10 47 .94
11 3.43 21.50 22.00 47.98
12 3.43 21.50 22.00 47 .98
13 3.86 21.46 21.91 47 .99
14 3.86 21.46 21.91 48.02
15 4,40 21.42 21.83 48.02
16 4.40 21.42 21.83 48.01
17 1.16 22.13 23.11 47 .96
18 1.16 22.15 23.13 47 .96
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File Name: F24A32
ot Pressure Condition: Atmospheric
:ﬁ; Vaper Velocity: 2.0 (m/s)
B
gt Data Vuw Tin Tout Ts
R 4 (m/s) (C) (C) (C)
! 1 1.16 22.46 23.39 47 .88
‘s. 2 1016 22.46 23039 47096
KA 3 1.48 22.26 23.07 48.00
e 4 1.48 22,25 23.06  47.97
i 5 1.97 22.07 22.75 47 .94
o 6 1.97 22.07 22.75 47.96
ot 7 2.51 21.95 22.53 47 .95
g' 8 2.51 21.95 22.53 47.93
R 10 3.00 21.88 22.39 47 .91
" 11 3.43 21.83 22.30 48,04
o 12 3.43 21.83 22.30 48.01
ﬁ? 13 3.86 21.79 22.21 47 .86
e 14 3.86 21.79 22.21 47 .94
e 15 4.40 21.75 22.14 47 .96
B 16 4,40 21.75 22.14 47.93
- 17 1.16 22.49 23.42 47 .93
P 18 1.16  22.49 23.42 47 .87
it File Name: F26A33
g Pressure Condition: Atmospheric
. Vapor Velocity: 2.0 (m/s)
!..‘ :
Q}. Data Vuw Tin Tout Ts
AN ' o (m/s) (C) (C) (C).
t 1 1.16 22.59 23.36  47.99
Qﬁ 2 1.16 22.58 23.36 48.01
?:‘." 3 1 048 22038 23 .04 48 '00
ﬁ\ 4 1.48 22.38 23.04 48.03
i S 1.97 22.20 22.73 48.00
$Q 6 1.97 22.19 22.73 47 .98
i 7 2.51 22.06 22,51 47.97
43 8 2.51 22.06 22.51 47 .96
1% 9 2.99 21.98 22.37 47.95
b 10 2.99 21.98 22.37 47.95
,.2 11 3.43 21.92 22.27 47 .95
e 12 3.43 21.92 22.27 47 .91
13 3.86 21.87 22.18 47 .91
T 14 3.86 21.87 22.18 47 .88
A 15 4,40 21.82 22.10 47 .83
) 16 4,40 21.82 22.10 47 .85
‘.l ; 17 1.16 22-54 23032 48.01
i 18 1.16 22.54 23.32 48.06
(3 . .
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S File Name: F27A34 ]

- Pressure Condition: Atmospheric
e Vapor Velocity: 2.0 (m/s)
W

2, Data Vuw Tin Tout Ts
Eg ” (m/s) (C) (C) (C)

, 1 1.16 22.48 23.22 47.83
e 2 1.16  22.47 23.22 47,93
g\ 3 1.48 22.27 22.90 47.91
2 4 1.48 22.27 22.90 47.88 |
el 5 1.97 22.08 22.58 47 .89

° 6 1.97 22.07 22.58 47.82
s‘,'; 7 2051 21 093 22.38 47092
iy 8 2.51 21.93 22.36 47,95
S 10 3.00 21.85 22.22 47.96
'f"’v 1 1 3.43 21 .79 220 13 47 .96

12 3.43 21.79 22.12 47.93
ey 13 3.86 21.75 22.04 47.93
W 14 3.86 21.74 22.04 47.90
s 16 4,40 21.68 21.96  47.90
e 17 1.16  22.41 23.15 48,05
18 1.16 22.41 23.1S 48.03
TR
5 File Name: F28A35
ﬁg' Pressure Condition: Atmospheric
het Vapor Velocity: 2.0 (m/s)
i Data Vu Tin Tout Ts

N » (m/s) (C) (C) (C)

%

o1 1 1.16 22.06 22.77  47.83
i 2 1.16  22.06 22.77 47 .92

- 3 1.49 21.84 22.44 48.04
oo 4 1.49 21.84 22.44 48.0S
B 5 1.97 21.65 22.14 47 .86
o 6 1.97  21.65 22.14  47.88
By 7 2.51 21,52 21.93 47.91

' 8 2,51 21,52 21.83 47 .91
e 9 3.00 21.45 21,80 47.95
@z’ 10 3.00 21.45 21,80 47.96
e 11 3.43  21.33 21.71  47.97
oy 12 3.43 21.39 21.71 47.98
'z';ﬁl 13 3086 21 035 21 083 47094

14 3.86 21.35 21.63 47,92
R 15 4,40 21.30 21.55 47 .88
i 16 4,40 21.30 21.56 47.87
s 17 1.16  22.00 22.71 48.06
o 18 1.16  22.01 22.72  48.05
e 126
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File Name: F30A36
SR Pressure Condition: Atmospheric
KM Vapor Velocity: 2.0 (m/s)
i
e Data Vw Tin Tout Ts
" ) (m/s) (C) (C) (C)
ﬁgf 1 1.16 22.01 22.96 47 .84
ga 2 {1.16 22.01 22.96 47 .90
h.f 3 1.49 21.81 22.63 47 .87
’:::" 4 1049 21 081 22053 47‘85
“"‘" S 1097 21 063 22032 47 084
- 6 1.97 21.63 22.32 47 .84
e 7 2.51 21.50 22.09 47.87
R 9 3.00 21.42 21.95 47 .98
e 10 3.00 21.42 21.94 47 .98
’ 11 3.43 21.37 21.84 48.04
" 12 3.43 21.37 21.84 48.03
ﬁm 13 3.86 21.32 21.76 48.01
o 14 3.86 21.32 21.76 48.04
' 17 1.16 21.99 22.94 48.04
é, 18 1.16 21.99 22.94 48.01
3
o' . File Name: F31A37
g Pressure Condition: Atmospheric
) Vapor Velocity: 2.0 (m/s)
! Q Data Vuw Tin Tout Ts
) Y (m/s) (C) (C) (C)
o
gt 1 1.16 22.02 22.95 47 .82
¥ 2 1.16 22.01 22.95 47 .91
oo 3 1.49 21.81 22.63 47 .81
Ny 4 1.49 21.81 22.63 47 .81
a0 S 1.97 21.63 22.32 47 .84
':“‘ld" S 1097 21063 22.31 47.98
K 7 2.51 21.51 22.09 47.99
- 8 2.51 21.50 22.08 47 .96
,Eﬁ 9 3.00 21.43 21.94 47 .97
At 10 3.00 21.43 21.94 48.06
ﬂm. 11 3.43 21.38 21.84 47 .89
vile 12 3.43 21.38 21.84 47 .97
= 13 3.86 21.34 21.76 48.00
s 14 3.86 21.33 21.76 47 .95
R 1S 4,40 21.29 21.67 47 .96
tf@ 16 4.40 21.29 21.67 47 .98
Int 17 1.16 21.99 22.93 47.79
".0!!;‘ 18 1. 16 22000 22-93 47-89
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File Name: F32A38
Pressure Condition: Atmospheric

e Vapor Velocity: 2.0 (m/s)
W Data Vuw Tin Tout Ts
~ ¢ (a/s)  (C) (C) (C)
1 1.16 22,08 22.98 47.67
v 2 1.16 22.09 22.98 47 .87
o 3 1.49 21.88 22.65 48.12
R 4 1.43 21.88 22.65 47.86
Y 5 1.97 21,69 22.34 48.06
. 6 1.97 21,69 22.33 48.03
' 7 2.51 21,57 22.12 47 .91
o 8 2.51 21,56 22.11 47.93
e 9 3.00 21.49 21.97 47.86
" 10 3.00 21.48 21.97 47.92
T 11 3.43 21.43 21.87 47.77
12 3.43 21.43 21.87 47.90
o 13 3.86 21.39 21.79 48,06
5 14 3.86 21.39 21.79 47.87
W 15 4.40 21.35 21.70 48.05
W 16 4.40 21.35 21.70 48.10
oy 17 1.16  22.07 22.96 47.89
= 18 1.16 22,07 22.96 48,04
3 File Name: DO1A42
R Pressure Condition: Atmospheric
A Vapor Velocity: 2.0 (m/s)
W Data Vw Tin Tout Ts
o ” (m/s) (C) (C) (C)
4:'. : ’
" 1 1.16  21.79 22.83  48.02
" 2 .16 21,77 22.88 48,09
3 1.49 21,51 22.45 47.90
4 1.49 21.51 22.43 47.83
) 1.97  21.28 22.08 47.91
6 1.97 21,28 22.07 47.92
7 2.51 21.14  21.83 47 .92
8 2.51 21.14 21.82 47 .91
) 9 3.00 21,05 21.66 47.89
Y 10 3.00 21.05 21.66 -  47.89
0 11 3.43 20.97 21.53 47.99
! 12 3.43 20.97 21.S3 48.04
L 13 3.86 20.30 21.41  48.04
14 3.86 20.90 21.41 47.99
e 15 4.40 20.81 21.27 47.99
e 16 4.40 20.80 21.27 47.95
LS 17 1.16 21,52 22.82 47 .86
gt 18 1.16  21.52 22.62 47.86
s
e 128
"I:'\‘
~"‘.

'1 Lk} t‘. - ¥y

. e -l . - A} - A . . P g
oA Ay B0 N WA R S RTARI . VAT N w . v Wy o gl
Jhe b "bL. DU OSDAN FAAALA T A M o LM " A LN OO R Dy A k‘n?-.t?"--? q','ﬁ.‘-:u. Moty "



o
File Name: D02A4S
Pressure Condition: Atmospheric
. Vapor Velocity: 2.0 (m/s)
e Data Vu Tin Tout Ts
X # (m/s) (C) (C) (C)
-~ 1 1.16 20.99 21.90 47.89
g 2 1.16 20.99 21.90 48.06
f‘.‘:’ 3 1 049 20077 21 058 48005
e, 4 1.49 20.77 21.55  48.07
ot S 1.97 20.59 21.23 48.05
. 6 1.97 20.59 21.23 47.99
g 7 2.52 20.46 21.00 47.82
SN 8 2.52 20.45 21.00 47.86
R0 9 3.00 20.38 20.86 48,03
L 10 3.00 20.38 20.86 48.07
" 11 3.43 20.32 20.75 48.01
i 12 3.43 20.32 20.75 47.95
R 13 3.87 20.28 20.67 47.83
" 14 3.87 20.28 20.67 47.88
K 15 4.41 20.24 20.58  47.83
W 16 4.41 20.24 20.58 47.87
* 17 1.16 20.97 21.88 47.89
- 18 1.16 20.98 21.89 47.30
3y
123
).ﬁ File Name: F04B44
R Pressure Condition: Atmospheric
Vapor Velocity: 2.0 (m/s)
PN
?? ‘ Data Vu Tin Tout Ts
;gﬁ " (m/s) (C) (C) (C)
R 1 1.16 21.54 22.48  47.85
: 2 1.16  21.45 22.39 47.82
el 3 1.49 21.19 22.01 47.95 -
o 4 1.49 21.16 21.98 48.07
o 5 1,97 20.92 21.60  47.96
"o 6 1.97 20.91  21.59 47.90
"!' 7 2051 20072 21-30 47084
- 8 2.51  20.71 21.29 47.92
o 9 3.00 20.60 21.11 48.04
i 10 3.00 20.59 21.11  48.01
hoIR OB R &
:Q:‘:.. 04 . . .
L. 13 3.87 20.42 20.84 48.01
5 14 3.87 20.41 20.83 47.97
S, 15 4.41  20.35 20.73 47.96
W 16 4.41 20.34 20.72 47.96
i 17 1.16  21.06 22.00 47.98
e 18 1.16 21.05 21.99 48.00
4 v
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File Name: F04Ca6

Pressure Condition: Atmospheric
;&, Vapor Velocity: 2.0 (m/s)
‘Z
ﬁ%‘ Data Vw Tin Tout Ts
VY ’ (m/s) (C) (C) (C)
e 1 1.16 21.04 21.89 47 .86
Jﬁ‘ 2 1.16 21.03 21.89 47.90
&\ 3 1.49 20.82 21.56 48.02
ﬂb 4 1.49 20.82 21.56 48.02
o S 1.97 20.63 21.25 48.02

6 1.97 20.63 21.24 48.02
Ry 7 2.52 20.49 21.01 47 .99
N 8 2.52 20.49 21.01  48.01
o 9 3.00 20.41 20.87 47.93
Qb 10 3.00 20.4% 20.87 47 .91
! 1 3.43 20.36 20.77 47.89

12 3.43 20.36 20.77 47 .86
. 13 3.87 20.31 20.68 47.90
f%’ 14 3.87 20.31 20.68 47 .89
s 15 4.41 20.27 20.60 47 .92
i 16 4,41 20.27 20.60 47.93
K 17 1.16  21.01 21.87 48.00
- 18 1.16  21.01 21.87 48.01
oy File Name: F04D48
Lﬂ. Pressure Condition: Atmospheric
e Vapor Velocity: 2.0 (m/s)
Y Data Vuw Tin Tout Ts
}g +  (m/s)  (C) (C) (C)
#ﬂ: 1 1.16 21.57 22.32 47.86

b 2 1.16 21.57 22.32 47 .88

o 3 1.49 21.34 21.98 47 .99
wg 4 1.49 21.34 21.98 47 .97
Wy S 1.97 21.15  21.69 48.04
1 6 1.97 21.15 21.68  48.03
Y 7 2.51  21.02 21.47 47.86

8 2.51 21.02 21.47 47 .86
e 9 3.00 20.94 21.33 47 .83
~%. 10 3.00 20.94 21.33 47 .83
s 1 3.43 20.89 21.24 47.98

) 12 3.43 20.89 21.24 47 .99

‘e 13 3.86 20.85 21.17 48.01
_ 14 3.86 20.85 21.17 48.00
Q? 15 4.40 20.80 21.09 47 .84
vy 16 4,40 20.80 21.09 47 .83
9 17 1.16  21.55 22.31 47 .94
jk; 18 1.16 21,55 22.31 47.86
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File Name:

FO4ESQ

Pressure Condition: Atmospheric

Vapor Velocity:

Data Vu
’ (m/s)

1.16
1.16
1.49
1.49
1.97
1.97
2.51
2.51
.00
.00
.43
.43
.85
.86
.40
.40
.16
.16

ONAUNBWN=CVONNNDWN —

dddd—.—‘-‘—‘ﬂ
——DDHBWWWWWW

File Name:

Pressure Condition: Atmospheric

Vapor Velocity:

Data Vuw
” (m/s)

.16
.16
.49
.49
.97
.97
.51
.51
.00
.00
.43
.43
.86
.86
.40
.40
.16
.16

ONAOANBWN—=OVLONAUND WA —
=D PWWWWWWNIN = — — e

— ol e el e mdh D ok —d

T Y R
AP AT M
‘. .V ¥

‘.‘

£l

¢

DRI

2.0 (m/s)

Tin Tout Ts
(c) (C) (C)
21.71 22.36 47 .82
21.72 22.37 47 .83
21.51 22.07 47 .92
21.51 22.07 47 .94
21.33 21.78 47 .93
21.33 21.78 47 .95
21.20 21.59 47 .93
21.20 21.59 47 .92
21.13 21.47 47 .93
21.13 21.47 47 .91
21.08 21.38 47 .87
21.08 21.38 47 .89
21.04 21.31 47 .87
21.04 21.31 47 .84
21.00 21.24 47 .83
21.00 21.25 47 .81
21.75 22.41 47.92
21.75 22.41 47 .95

F04FS2
2.0 (m/s)

Tin Tout Ts
(C) (C) (C)
22.04 22.61 47 .87
22.04 22.60 47 .92
21.81 22.28 48.01
21.81 22.29 48.02
21.61 22.00 48.04
21.61 22.00 48.03
21.47 21.80 47.97
21.47 21.79 47 .94
21.39 21.67 47.838
21.39 21.67 47 .86
21.33 21.58 47 .83
21.33 21.58 47.79
21.28 21.51 47 .86
21.28 21.51 47 .90
21.23 21.44 47 .92
21.23 21.44 47.93
21.97 22.54 48.07
21.97 22.54 48.10
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e
- File Name: F04G54
y Pressure Condition! Atmospheric
o Vapor Velocity: 2.0 (m/s)
e
e Data Vu Tin Tout Ts
2 » (m/s) (C) (C) (C)
- 1 1.16  21.58  22.00 47.99
R 2 1.16 21,57 21.99 48.02
e 3 1.49 21.35 21.70 47.96
D 4 1.49 21.35 21.70 47,93
s 5 1.97 21.16 21.45 47 .91
‘ 6 1.97 21,15  21.44 47.96
oy 7 2.51  21.02 21.26 47.95
2% 8 2.51  21.02 21.26 47.97
o 9 3.00 20.94 21.15 47.96
" 10 3.00 20.94 21.15 47.98
K 11 3.43 20.88 21.07 47.97
12 3.43 20.88 21.06 47.96
o 13 3.86 20.83 21.00 47.94
14 3.86 20.83 21.00 47.96
! 15 4,40 20.78 20.93 47.94
o 16 4.40 20.78 20.93  47.91
X 17 1.16 21.52 21.95 48.00
, 18 1.16 21.52 21.96 48.00
o
o
R File Name: FO4HS6
164 Pressure Condition: Atmospheric
Vapor Velocity: 2.0 (m/s)
e
4y Data Vw Tin Tout Ts
o " (m/s) (C) (C) (C)
o 1 1.16 21.27 21.59 - 47.91
; 2 1.16  21.26 21.57 47.95
e 3 1.49 21,04 21.30 48.01
e 4 1.49 21.03 21.30 48.04
N 5 1.97 20.77 20.98 ~  47.97
TR 6 1.97 20.77. 20.97 47.95
W 7 2.52 20.54 20.70 47.83
8 2.52  20.53 20.70 47.83
: 9 3.00 20.44 20.58 47.92
b 10 3.00 20.44 20.58 47.93
% 11 3.43 20.36 20.49  47.91
NN 12 3.43* 20.35 20.48 47.95
0 13 3.87 20.30 20.41 47.90
. 14 3.87 20.29 20.40 47.91 |
o 15 4.41 20,22 20.32  47.92
(':k 's 4.41 20.21 20.32 47093
" 17 1.16  20.93 21.26 47.96
o 18 1.16  20.93 21.26 47.94
-‘\I
E:;.’- 132
43

x

!

VR - T R R N

:j:-;-s».

-
-’
-
-
-

“ l‘ \' ‘.
V L]

N Ly N ¥ T T
v Y ) -
4, ‘1 (a2 0‘:“%‘ RV NN t‘:‘l'



q'l
e File Name: F15B47
- Pressure Condition: Atmospheric
p Vapor Velocity: 2.0 (m/s)
il Data Vuw Tin Tout Ts
W ” (m/s) (C) (C) (C)
vy 1 1,16 21.67 22.70 47 .88
'Q 2 1.16  21.67 22.70 47.93
- 3 1.49 21.45 22.35 47 .99
R 4 1.49 21.45 22.35 47 .99
s 5 1.97 21.26 22.01 47.98
6 1.97 21.25 22.01 47.98
g 7 2.51 21.11 21.75 47 .86
K 8 2.51 21.11 21.75 47.83
ol 9 3.00 21.03 21.59 47.98
s 10 3.00 21.02 21.58 47.98
k2! 11 3.43 20.95 21.47 48.00
12 3.43 20.95 21.47 47.96
0 13 3.86 20.80 21.37 47.88
:ﬁ, 14 3.86 20.90 21.37 47 .88
o 15 4,40 20.85 21.28 48.00
R 16 4,40 20.85 21.27 47.99
N 17 1.16 21.59 22.61 47 .95
- 18 1.16  21.59 22.60 47 .87
W
B
'% File Name: F15C49
TSI Pressure Condition: Atmospheric
s Vapor Velocity: 2.0 (m/s)
- Data Vuw Tin Tout Ts
‘*% # (m/s) (C) (C) (C)
.
> 1 1.16  21.61 22.54  47.84
'}' 2 1.16  21.61 22.54 47.86
oy 3 1.49 21.40 22.20 47.88
e 4 1.49 21.40 22.20 47.85
‘W ) 1.97 21.20 21.87 47,93
Py 6 1.97 21.20 21.87 47,91
K 7 2.51 21.07 21.64 47 .91
‘ 38 2.51 21.07 21.64 47.30
O 9 3.00 20.98 2i.4S 47.91
2o 10 3.00 20.98 21.48 47.9!
oy 11 3.43 20.93 21.38 47,95
G 12 3.43 20.93 21.38 47 .97
Wy 13 3.86 20.88 21.30 47 .99
— 14 3.86 20.88 2t1.30 47.97
= 15 4,40 20.83 21.21 47 .97
K-, 16 4,40 20.83 21.21 47 .97
HeY 17 1.16 21.57 22.50 47.9S
o 18 1.16 21.58 22.51 48.01

-
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X File Name: F15D51
-— Pressure Condition: Atmospheric
R Vapor Velocity: 2.0 (m/s)
e
N: Data Vu Tin Tout Ts
B ¢ (m/s) (C) (C) (C)
. 1 1.16 22.02 22.84  47.84 |
i 2 1.16 22.02 22.85  47.86
Wl 3 1.49 21.80 22.51 47.88
el 4 1.49 21.80 22.51 47.90
& S 1.97 21.62 22.21 47.87
6 1.97  21.62 22.21 47.89
N 7 2.51 21.48 21.99  47.87
[ 8 2.51 21.48 21.99  47.88
i 9 3.00 21.40 21.85  47.90
o 10 3.00 21.40 21.84  47.90
. 11 3.43 21.34 21.74  47.87
. 12 3.43 21.34 21.74  47.87
oy 13 3.86 21.30 21.66  47.86
R 14 3.86 21.30 21.66  47.88
o 15 4,40 21,25 21.58  47.92
e 16 4,40 21.25 21.58  47.92
R 17 1.16 21.99 22.82  48.04
» 18 1.16 21.99 22.83  48.04
;§§ File Name: FI1SES3
el Pressure Condition: Atmospheric
e Vapor Velocity: 2.0 (m/s)
ﬁiﬁ : Data Vw Tin Tout Ts
A # (m/s) (C) (C) (C)
Bl
B 1 1.16 21.95 22.64  47.91
) 2 1.16 21.94 22.65  47.97
oy 3 1.49 21,73 22.33  47.99
o 4 1.49 21.72 22.33  48.00
"o 5 1.97 21.53 22.03  48.03
e 6 1.97 21.53 22.02  48.01
Al 7 2.51 21.40 21.82  48.19
‘ 8 2.51  21.40 21.82  47.97
Mo 9 3.00 21.31 21.68 47.91
f&' 10  3.00 21.31 21.68  47.90
N 11 3.43 21,25 21.58  47.89
oy 12 3.43 21.25 21.58  47.89
0 13 3.86 21.20 21.50 47.87
— 14 3.86 21.20 21.50  47.84
F 15 4.40 21.15 21.42  47.86
o 16 4.40 21,15 21.42  47.82
o 17 .16 21.87 22.58  47.99
b 18 1.16 21.88 22.539  47.89
e
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File Name: F15F5S
Pressure Condition: Atmospheric
Vapor Velocity: 2.0 (m/s)
Data Vw Tin Tout Ts
# (m/s) (c) (C) (C)
1 1.16 21.48 22.09 47 .33
2 1.16 21.48 22.08 47.90
3 1.49 21.24 21.76 48.09
4 1.49 21.23 21.75 48.08
Y 1.97 21.04 21.47 47.99
6 1.97 21.04 21.46 47 .97
7 2.51 20.91 21.27 47 .90
8 2.51 20.91 21.27 47 .30
9 3.00 20.82 21.13 47 .88
10 3.00 20.82 21.13 47 .86
1 3.43 20.76 21.05 47 .96
12 3.43 20.76 21.05 48.02
13 3.87 20.72 20.97 43.01
14 3.87 20.72 20.97 48.03
15 4.41 20.67 20.390 47 .98
16 4,41 20.67 20.90 47 .99
17 1.16 21.42 22.02 47 .83
18 1.16 21.42 22.02 47 .86
File Name: FI15HS7
Pressure Condition: Atmospheric
Vapor Velocity: 2.0 (m/s)
Data Vuw Tin Tout Ts
# (m/s) 0] (C) ()
1 1.16 20.69 20.96 47 .85
2 1.16 20.68 20.96 47 .83
3 1.49 20.45 20.68 48.00
4 1.49 20.45 20.68 47 .95
S 1.98 20.26 20.44 48.04
) 1.98 20.26 20.43 48.00
7 2.52 ° 20.12 20.26 48.02
8 2.52 20.12 20.26 48.06
9 3.00 20.04 20.16 48,06
10 3.00 20.03 20.16 48.08
11 3.44 19.98 20.09 48.04
12 3.44 19.98 20.09 48.06
13 3.87 19.93 20.03 48.07
14 3.87 19.93 20.02 48,03
15 4,41 19.88 19.97 47 .94
16 4,41 19.88 19.96 47 .96
17 1.16 20.64 20.91 47 .96
18 1.16 20.64 20.91 47 .93
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APPENDIX B
UNCERTAINTY ANALYSIS

Uncertainties are always associated with any measurement.
These uncertaities are dependent on the accuracy and calibration of
the measuring device and the operator's experience. Numerical data
collected during this investigation were used together with
theoretical formulations, so the final wvapor-side heat-transfer
coefficients may be distorted due to the propagation of errors during
calculations. The uncertainty of a computation may be determined

using the following equation proposed by Kline and McClintok
[Ref. 32):

O T - R -0

where:

R is the result of the calculation,
wr is the uncertainty of the result R,

Xy, X2, ..., Xpn are the measured independent variables, and

w1, W2, ..., wp are the uncertainties in the measured
variables.

The uncertainty analysis program used in this investigation is
given by Mitrou [Ref. 14]. Samples of the results of the uncertainty

analysis are presented here.
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DATA FOR THE UNCERTAINTY ANALYSIS:

o File Name: S01A27

) Pressure Condition: Atmospheric (101 kPa)

" Vapor Temperature = 47.97 (Deg C)

: Water Flow Rate (%) = 20.00

Y Hater Velocity = 1.16 (m/s)

< Heat Flux =  2.535E+04 (W/m*2)

o Tube-metal thermal conduc. = 385.0 (W/m.K)

% Sieder-Tate constant - 0.0280

! UNCERTAINTY ANALYSIS:

&

o VARIABLE PERCENT UNCERTAINTY

)

# Mass Flow Rate, Md 3.00

_ Reynolds Number, Re 3.10

- Heat Flux, q 3.71

. Log-Mean-Tem Diff, LMTD 2.15

: Wall Resistance, Rw 2.67

: Overall H.T.C., Uo 4.29

» Water-Side H.T.C., Hi 3.08

e Vapor-Side H.T.C., Ho 5.63

-

?ﬁ DATA FOR THE UNCERTAINTY ANALYSIS:

X File Name: S01A27

"I Pressure Condition: Atmospheric (10! kPa)

. Vapor Temperature = 47,97 (Deg C)

. Water Flow Rate (Z) = 80.00

T Water Velocity = 4.40 (m/s)
Heat Flux - 2.943E+04 (W/m"2)
Tube-metal thermal conduc. = 385.0 (W/m.K)

: Sieder-Tate constant = 0.0280
UNCERTAINTY ANALYSIS:

3 VARIABLE PERCENT UNCERTAINTY

d

’ Mass Flow Rate, Md 0.79

y Reynolds Number, Re 1.10

] Heat Flux, q 7.07

= Log-Mean-Tem Diff, LMTD 7.01

K Nall Resistance, Ruw 2.67

N Overall H.T.C., Uo 9.96

.: “atel‘°51de HQT.C" Hl 2.03

K-, Vapor-Side H.T.C., Ho 11.10
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DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FO4A21
Pressure Condition: Atmospheric (101 kPa)

Vapor Temperature = 47,92 (Deg C)
Water Flow Rate (%) = 20.00

Kater Velocity - 1.16 (m/s)

Heat Flux - 7.204E+04 (W/m*2)
Tube-metal thermal conduc. = 385.0 (K/m.K)
Sieder-Tate constant = 0.0280

UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY

Mass Flow Rate, Md
Reynolds Number, Re
Heat Flux, q
Log-Mean-Tem Diff, LMTD
Wall Resistance, Ruw
Overall H.T.C., Uo
Water-Side H.T.C., Hi
Vapor-Side H.T.C., Ho

. ') . ) . 3 * L3
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DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: - F04A21
Pressure Condition: Atmospheric (101 kPa)

Vapor Temperature = 48,05 (Deg C)
Water Flow -Rate (%) = 80.00
Water Velocity = 4.40 (m/s)
Heat Flux = 1.154E+05 (H/m"2)
Tube-metal thermal conduc. = 385.0 (W/m.K)
Sieder-Tate constant = 0.0280
UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY
Mass Flow Rate, Md 0.79
Reynolds Number, Re 1.10
Heat Flux, q 2.00
Log-Mean-Tem Diff, LMTD 1.79
Wall Resistance, Ruw 2.67
Overall H.T.C., Uo 2.69
Water-Side H.T.C., Hi 2.03
Vapor-Side H.T.C., Ho 4,65
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DATA FOR THE UNCERTAINTY ANALYSIS:

Ay xS

b File Name: F05A09
Pressure Condition: Atmospheric (101 kPa)
Dy Vapor Temperature = 48.00 (Deg C)
[ Water Flow Rate (%) = 20.00
; Hater Velocity = 1.16 (m/s)
; Heat Flux =  6.810E404 (W/m"2)
¢ Tube-metal thermal conduc. = 385.0 (W/m.K)
g Sieder-Tate constant = 0.0280
N UNCERTAINTY ANALYSIS:
iy
. VARIABLE PERCENT UNCERTAINTY
%
N Mass Flow Rate, Md 3.00
. Reynolds Number, Re 3.10
: Heat Flux, g 3.13
‘ Log-Mean-Tem Diff, LMTD .80
) WHall Resistance, Ruw 2.67
’ Overall H.T.C., Uo 3.24
! Hater-SIde HoToCo' Hl 3'08
N Vapor-Side H.T.C., Ho " 9.583
!1
% DATA FOR THE UNCERTAINTY ANALYSIS:
y File Name: FOSA09
g Pressure Condition: Atmospheric (101 kPa)
" Vapor Temperature = 47.96 (Deg C)
& Water Flow Rate (%) = 80.00
B Water Velocity - 4,40 . (m/s)
_ Heat Flux = 9.904E+04 (W/m"2)
v Tube-metal thermal conduc. = 385.0 (W/m.K)
b Sieder-Tate constant = 0.0280

P

UNCERTAINTY ANALYSIS:
: . VARIABLE PERCENT UNCERTAINTY

-

- Mass Flow Rate, Md 0.79
' Reynolds Number, Re 1.11
! Heat Flux, q 2.27
-~ Log-Mean-Tem Diff, LMTD 2.08
5 Wall Resistance, Ru 2.67
A Overall H.T.C., Uo 3.08
> Water-Side H.T.C., Hi 2.03
: Vapor-Side H.T.C., Ho 4,85

i
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iy DATA FOR THE UNCERTAINTY ANALYSIS:
A‘;'l
e File Name: FO6ATT
o Pressure Condition: Atmospheric (101 kPa)
%3 Vapor Temperature = 48.02 (Deg C)
: Water Flow Rate (%) = 20.00
" Hater Velocity - 1.16 (m/s)
{:.:5 Heat Flux =  6.726E+04 (W/m"2)
A Tube-metal thermal conduc. = 385.0 (W/m.K)
Eﬁ Sieder-Tate constant - 0.0280
":'.'a
{Q UNCERTAINTY ANALYSIS:
%? VARIABLE PERCENT UNCERTAINTY
g%,
o Mass Flow Rate, Md 3.00
Reynolds Number, Re 3.10
e Heat Flux, q 3.14
o Log-Mean-Tem Diff, LMTD .81
o Wall Resistance, Ruw 2.67
'ﬁx Overall H.T.C., Uo 3.24
."" Natel"SLde HoTcCo’ Hl 3008
oy Vapor-Side H.T.C., Ho 9.65
A
o8
A
;f? DATA FOR THE UNCERTAINTY ANALYSIS:
o File Name: FO6A11
Yy Pressure Condition: Atmospheric (101 kPa)
\b Vapor Temperature = 47.95 (Deg C)
Yoy Water Flow Rate (%) = 80.00
e Water Velocity =  4.40 (m/s)
, ‘ Heat Flux = 1.004E+0S (W/m"2)
AL Tube-metal thermal conduc. = 385.0 (W/m.K)
% Sieder-Tate constant = 0.0280
~
s UNCERTAINTY ANALYSIS:
f:; . VARIABLE PERCENT UNCERTAINTY
L0
o Mass Flow Rate, Md 0.79
: Reynolds Number, Re 1.11
DO Heat Flux, q 2.24
. Log-Mean-Tem Diff, LMTD 2.06
. Wall Resistance, Ru 2.67
. Overall H.T.C., Uo 3.04
o Water-Side H.T.C., Hi 2.03
fba Yapor-Side H.T.C., Ho 4,81
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DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FO7A13
Pressure Condition: Atmospheric (101 kPa)

Vapor Temperature = 47.80 (Deg C)
Water Flow Rate (%) = 20.00

Hater Velocity - 1.16 (m/s)
Heat Flux - 6.137E+04 (W/m*2)
Tube-metal thermal conduc. = 385.0 (W/m.K)
Sieder-Tate constant - 0.0280

UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY

Mass Flow Rate, Md
Reynolds Number, Re
Heat Flux, q
Log-Mean-Tem Diff, LMTD
Wall Resistance, Ruw
Overall H.T.C., Uo

DWWN WWW
NONANW —w—o
~NOO~NWOHhOoOO

Vapor-Side H.T.C., Ho

DATA FOR THE UNCERTAINTY ANALYSIS:

File Name: FO07A13
Pressure Condition: Atmospheric (101 kPa)

Vapor Temperature = 47,86 (Deg C)
Water Flow Rate (%) = 80.00

Water Yelocity = 4,40 (m/s)
Heat Flux = 8.835E+04 (K/m"2)
Tube-metal thermal conduc. = 385.0 (W/m.K)
Sieder-Tate constant = 0.0280

UNCERTAINTY ANALYSIS:
VARIABLE PERCENT UNCERTAINTY

Mass Flow Rate, Md 0.79
Reynolds Number, Re 1.10
Heat Flux, q 2.50
Log-Mean-Tem Diff, LMTD 2.34
Wall Resistance, Ruw 2.67
Overall H.T.C., Uo 3.42
Water-Side H.T.C., Hi 2.03
Vapor-Side H.T.C., Ho 5.02
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, DATA FOR THE UNCERTAINTY ANALYSIS:

Y File Name: FO8A1S

oy Pressure Condition: Atmospheric (101 kPa)

o Vapor Temperature = 47.96 (Deg C)
- Water Flow Rate (%) = 20.00
e Water Velocity = 1.16 (m/s)
o Heat Flux =  G.112E+04 (W/m°2)
o Tube-metal thermal conduc. = 385.0 (W/m.K)
tﬁ Sieder-Tate constant = 0.0280

e

gg UNCERTAINTY ANALYSIS:

P YARIABLE PERCENT UNCERTAINTY

ttys

e Mass Flow Rate, Md 3.00

Reynolds Number, Re 3.10

ol Heat Flux, q 3.21
$. Log-Mean-Tem Diff, LMTD 1.07
e Wall Resistance, Ru 2.67

‘...' Overall H.T.C.’ UO 3039

e Water~Side H.T.C., Hi 3.08

Vapor-Side H.T.C., Ho 6.95

A
- DATA FOR THE UNCERTAINTY ANALYSIS:

Wyt File Name: FO08A15

e Pressure Condition: Atmospheric (101 kPa)
ah Vapor Temperature = 47.83 (Deg C)
" Water Flow Rate (%) = 80.00 '
,qﬁ Kater Velocity = 4.40 (m/s)
J ' Heat Flux = 6.961E+04 (W/m"2)
Vi, Tube-metal thermal conduc. = 385.0 (W/m.K)
s Sieder-Tate constant = 0.0280
Ll

i
K UNCERTAINTY ANALYSIS:
e VARIABLE PERCENT UNCERTAINTY
,if Mass Flow Rate, Md 0.79

WS Reynolds Number, Re 1.11
L Heat Flux, q 3.10
. Log-Mean-Tem Diff, LMTD 2.96

. Wall Resistance, Ruw 2.67

":‘ Ovel‘all HoToCoo UO 4.28
ot Water-Side H.T.C., Hi 2.03
o Vapor-Side H.T.C., Ho 5.73
s ‘ 142
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